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(Paper No. 3024.) 

"On the Law of Condensation of Steaii deduced from 
Measurements of Temperature-Cycles of the Walls and 
Steam in the Cylinder of a Steam-Engine." 

By Hugh Longbourne Callendar, M.A., F.B.S., and 
John Thomas Nicolson, B.So. 

In the discussion of steam-engine trials, it has been customary to 
compare the measured cylinder-feed with the quantity of steam 
indicated by the cards, with a view to deduce the so-called 
" missing quantity " of steam, and to arrive at the consequent 
loss of available energy resulting from condensation and re- 
evaporation. The question of cylinder condensation has also 
been elaborately discussed from a theoretical standpoint, on the 
assumption that the temperature-cycle of the metal surface is 
the same as that of the steam. 

The object of the experiments recorded in this Paper, which were 
carried out in the summer of 1895, in the thermodynamic laboratory 
of the McDonald Engineering Building, at the McGill University, 
was the measurement of the cyclical interchange of heat between 
the walls and the steam. From a knowledge of the wall tempera- 
ture-cycle, the amount of condensation taking place at a particular 
point under definite conditions can be readily ascertained, and the 
nature of the action can be studied separately, without confusion 
with other effects which are taking place in other parts of the 
cylinder at the same time. The mean temperature of the walls in 
different parts of the cylinder was also measured. A comparison 
of the results leads to a simple relation between the mean wall 
temperature, speed and condensation, which appears to hold through 
a considerable range of conditions. 
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The engine used in the experiments, Figs. 1, Plate 6, was 
made by the Kobb Engineering Company, of Amherst, N.S. 
It has a large slide-valve with double ports, and a relief-back of 
the Porter type ; and is designed to run at a speed of 250 revolu- 
tions per minute. In ordinary working, the speed is regulated 
by the governor on the fly-wheel, which automatically varies 
the travel and angular advance of the valve, in proportion to the 
load. For these experiments the governor was disconnected, 
and the valve-eccentric set to give the cut-off desired in each 
experiment. The principal dimensions are: Stroke, 12 inches; 
diameter of cylinder, 10*6 inches ; piston displacement, 0* 601 cubic 
foot ; clearance volume, - 060 cubic foot ; slide-valve, 10 • 74 inches 
by 13*5 inches; steam-ports, 9*5 inches by 1*5 inch. In the 
present trials the engine was made single-acting by the addition 
of a brass lap 1*19 inch wide to the crank end. 

Cylinder- Wall Temperature-Cycles. 

The measurement of cylinder temperatures by means of mercury 
thermometers has been carried by Mr. Bryan Donkin ^ to a high 
degree of refinement. From a careful study of those experiments 
it was concluded that it would not be possible to obtain any more 
definitely quantitative results by the use of mercurial thermo- 
meters. The more laborious, but at the same time more powerful 
and pliable, methods of electrical thermometry were therefore 
adopted. 

Tlie Thermo- Electric Method, — This method has been applied by 
Professor E. Hall, of Harvard College ; ^ but the Authors' results, 
obtained by a modification of that method, differ so considerably 
from his, that it is necessary to explain somewhat fully the 
points of difference between the two methods. In a thermo-electric 
circuit, the metal between the hot and cold junctions should be 
of continuously uniform quality, since different specimens even of 
the same metal are known to differ materially in thermo-electric 
power, and it was found necessary to take the greatest precautions 
to secure the most uniform quality in the materials used for the 
circuit. In the Hall method of inserting the thermo-junction, it 
would be a matter of some difficulty to secure absolute freedom 
from leakage. It is stated that leakage was noticed on several 
occasions, and it is evident that the intermittent rushes of steam 



* Minutes of Proceedings Inst. C E., voL cvi. p. 264. 

^ Transactions of the American Institute of Electrical Engineers, 1891, 
vol. viii. p. 236. , 
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through and about the junction might entirely change the tempera- 
ture conditions. In order to avoid this source of trouble as far 
as possible, the junctions were made with the cast iron of the 
cylinder itself, holes being bored in the solid metal to within a care- 
fully measured distance of the inner surface. This method has 
the further advantage of not introducing any foreign material into 
the thermo-electric circuit. 

In measuring the cyclical variations of temperature, the con- 
ditions of running should be the same when the observations are 
being taken at diflferent points of the stroke, and at different depths 
in the metal. It is necessary to keep the engine running $is steadily 
as possible, and to take the observations of the cycle in rapid suc- 
cession. It is afso important to take the indicator diagrams and the 
other observations of temperature simultaneously with the wall- 
cycle. A special cover was therefore cast for the cylinder, and 
fitted with eight thermo-couples at different depths. Any one or 
any two of these junctions could be connected to the galvanometer 
and the external cold junction, by a suitable arrangement of 
mercury-cups, and a contact-maker could be set to close the 
galvanometer circuit at any point of the stroke, and for any desired 
fraction of a revolution. 

Since the observations had to be taken in rapid succession, the 
well-known compensation method of Poggendorf, in which the 
electromotive force of the thermo-couple is balanced against that 
of a steady current flowing in a uniform potentiometer wire, was 
adopted. The paraffin bath containing the external junction was 
maintained constantly at or very near 212° F., by a jacket of steam 
at atmospheric pressure. With a contact duration of only ^^^ re- 
volution, it was possible to read the galvanometer to nearly one- 
tenth of a degree. 

Cycle Contact-Maker, — The cycle contact-maker. Figs. 2, Plate 6, 
closed the galvanometer circuit for a small fraction of a revolution 
at any desired point of the cycle. A pair of insulated revolving 
brushes were connected by a copper wire. One brush made con- 
tact with a central copper tube, the other with a number of copper 
sectors of different lengths let into the circumference of a wooden 
disk. A galvanometer circuit could thus be closed by any of these 
sectors, so as to alter the duration of the contact. The point of 
the cycle at which the brush made contact was determined by the 
setting of a divided circle. The contact-maker could be inserted 
in the circuit of either of two galvanometers, according as it was 
desired to observe a steam-cycle with the platinum thermometer, 
or a wall-cycle with one of the thermo-couples. 
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Eir^enTnenlal Cylinder Covers. — The cylinder-cover was provided 
with a Hteam-tight jacket. Figs. 3, Plate 6. Eight holes for the 
junction wires, arranged in a circle of 1 -5 inch radius round the 
centre of the cover, were bored to depths of 0-01 inch, 0-02 inch, 
0'04 inch, 0-08 inch, 0-16 inch, 0-32 inch, O-fii inch, respectively* 
measured from the inner snrface of the cover. The teat wira^ 
were insulated with mica and indta-ruhber tulie and washa^ 
except at the bottom of the holes, where they made contact wit^ 
the cast iron of the cover. In passing through the jaciet, they 
were protected by steel tubes screwed aud soldered into the 
of the cover. The central tube, seen projecting from the cylindw, 
inside the jacket, was for clearance of the piston steam-thermoiiiBtcff 
to be subsequently described, 

TJie jfV«.Tmo-0))ij) leg. ^Commercially pure nickel vrire was fi 
tried for the thermo-junctiona, but the electromotive force of tl 
impure nickel with cast iron waa found to be three times less 
than with wrought-iron wire. This implied that pure iron wire 
would make with cast iron a much better thermo-j unction than 
German silver, or even than pure nickel. It was, tharefore, 
decided to uae wrought-iron wire for the thermo-couples. PaiT- 
ticular care was exercised in the choice of the materials. Thfl; 
iron wire used was from the same hank, and was carefnll] 
annealed after being bent into position. The cast-iron conneotioiiBj 
for the external junction were made by planing rods out of thflj 
middle of a 4-inch bar, cast at the same time and Irom the samal 
ladle as the cylinder cover itself. 

From experiments on the cylinder, the formula for EJ, the electro- 
motive force of the cast-iron and wrought-iron junction, one of the 
junctions being at 1° C., and the other at 100° C, wbs found 
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be:- 



E = 1692 _ 17-86 (-)- 0-0094 i^ in microvolts. 



As a general rule, the thermo-coaples were applied chiefly to 
the measurement of small differences of temperature at a known 
mean temperature t" 0, It was sufficient to use the simpler for- 
mula for the change of electromotive force per degree, namely; — 



dt 



-- 17-90 - 0'0190(, microvolts per 1° C, 



Ohservaliona of Wall-Cijdes in the Cover. — The first observation of 
a wall-cycle is shown in Fig. 5. The full curve, corresponding to 
the scale on the left, gives the steam temperatures as deduced from 
the indicator-diagram taken simultaneously. The dotted curve, 
iding to the scale on the right, gives the variations of tem- 
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peratnre observed at a depth of 0' 01 inch in the cover, at a speed of 
100 revolutions per minute. The observations are shown at (x). 
The cycle shows a range of only 4- 3°F., corresponding to an abaorp- 



I 















Wig. 5 














































































^ 




„ 





, 










__ 










K^ 


— ■ 


— 


— 


— 


— Ti 










— 






































































s 


, 







/, 




, 




''V- 






J 







»if= 


1... 


~ 




~! 


^ 


§ 










= 




= 


3 


^% 


^ 


— 


j:73 


y^ 


— 





V 




■ — 




— ■ 




'-^^ 


— 


**"t 


^ 







f 


__ 


, 






, 




, 








, 


aj? 




— ' 




— 







t^v- 




— 






— - 


I 




























p! 


, 

















, 










"5 








M^-+- 





— 




EZl 





Speed, igo reTolntlons per minute.' 
MKTiL OlOLB 4T jju INOH GoVBB. 















Fiq. 






























































































































































































































































,.* 






























^ 


.-i 














■ 










T>i 




















= 


^ 


■^ 






^ 








^ 


^ 




=^ 


















































































































































































.,» 


1 — 


L — 









1 


i 


L — 




L — 


L-j 




I — 


„ 



Metal Cyolk at ^ Inch Coveh. 

noQ of 1 thermal unit F. per square foot per cycle, or a condonsation 
l^f about ToVtf ^- '>^ steam. The same observation was repeated, 
a a range of about 4" F. was again found, 
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In taking the obeervations for the wall-cycle, showri in Fig. 6, 
the differential method was adopted for the first time, which 
aoconnta for the greater smoothness of the cnrve. 

In thie method the thermo-electric circuit coasiat«d simply of 
a small portion of the oast iron of the cylinder and of two iron 
wires making contact at different depths in the metal, at points 
which are at nearly the same mean temperature. Only a small 
difference of temperature, for which the thermo-electric method 
is admirably suited, is therefore observed. By this method, nearly 
all the troables that otherwise arise from the slow changes 
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HiTAL GT1II.E AT ^ IsOB CoVZB. 

of conditions always in progress are avoided, since a gradual 
change of temperatare will affect the metal at a depth of ^ inch 
to the same extent as the sarface of the metal ; whereas the rapid 
cyclical changes are practically evanescent at the greater depth. 
For the remainder of the experiments the differential method was 
always used for the wall-cycles. The cycle shown in Fig. 7 is an 
illustration of an observation taken about a month later, at a depth 
of 0-039 inch, and a speed of 73-4 revolutions per minate. 

The shaded area of the steam curve, above the line representing 
the mean temperatare of the cover, may be called the " Con- 
densation Area," as it appears to determine the amount of con- 
densation taking place. For the cycles shown in Figs. 5 and 6, 
the teat-wlros were pressed against the metal of the cover. For 
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Fig. 7 and subsequent obeervatious, the apparatus had been 
entirely Teairanged. The holes bad been bored and measured 
afresh, new wires of different lengths had been fitted, and all the 
joints and thermo-junctiouB had been carefnlly soldered with pure 
tin. TMb insured a good and permanent oontact, but otherwise 
no difference in the observed temperature cycles could be detected. 
Fig. 8 shows an average card belonging to this trial, from which 
the cycle curve of Fig. 7 was deduced. Several trials were run 
with this valve-setting. 

WaH-Ot/des on Barrel-Surface at Side. — A set of eighteen tbermo- 

Fig.S. 
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junctions were fitted along the side of the cylinder to observe the 
wall-cyclea and the distribution of temperature along the barrel- 
surface. The arrangement of the side junctions is shown in 
Figs. 4, Plate 6. To facilitate making and changing connec- 
tions, the majority of the test-wires were connected to mercury- 
cups in a slip of wood fixed to the cylinder inside the cast-iron 
lagging. At the back end of the stroke, and at 4 inches, 6 inches 
and 12 inches along the side from it, pairs of junctions were 
inserted, one bored to leave 0'04 inch of metal, and the other 
^ inch at each point. The remainder of the junctions, at 2 inches, 
8 inches, 10 inches, 14 inches and 16 inches respectively, were 
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holes bored to the depth of i^ iuoh, into whioh iron wires oonld 
be inserted for observing the length-dietribntion of temperatnie. 
There were four eitnilar holes at points above and below on a line 
Tonnd the middle of the cylinder. Three vertical holes, 2 inches 
deep, were also bored in the metal of the side, at distances of 
1 Inch, 7*5 inches and 15 inches along the stroke, for the insertion 
of meronry or platinum thermometers, for calibrating the side 
janctiona, and for observing the mean wall temperatures. 

Comparison of Cycleg on Cover and Side. — The carves in Fig. 9 
illnstrate cycles observed in the same trial. The mean temperatnie 
of the side walls opposite the clearance space was 14'3° F. lower 
than that of the cover. Jnnotion No. 1, side, was sitoated at this 
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n PROM BACK END Of stuokb 
Ep«ed, U'fl reTolntloaa pti mlDuM. 

Uetal Cycles ^ Inch in Coveb add No. 1 8am. 

point at the back end of the stroke, and was exposed to the same 
steam as the cover. The ranges observed, at the cover and side, 
were 4'9° F. and 13*5''F. respectively; the speed being 44 revo- 
Intioas per minute. The depths of the junctions were, cover, 
■ 039 inch, and side, ■ 037 inch respectively. This particular cycle 
at the side was the largest observed throughout the trials. 
It corresponds to a range of about 20° F. at the surface of the 
metal. The "condensation area" for each junction is shaded as 
in the previous example. It will be observed that the temperature 
of the wall begins to rise near the end of compression, shortly 
after condensation be^ns, and reaches a maximum shortly after 
cut-off near the end of the condensation period. The fall due to 
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re-evaporatioD ie nearly ae irapid as the rise. . In drawing the 
lower boundary of the , condensation area for this cycle, the 
probable surface temperature is taken instead of the mean ; bnt 
the difference of area is small. The magnitude of the condeosEi- 
tion area would be little affected by taking the mean temperature 
instead of the surface temperature, but the cycle curve wonld not 
then correspond so well, allowing for lag, with the probable rate 
and epoch of condensation. 

Side-Wall . Cycies beyond Cut off. — Fig. 10 gives an example, on a 
temperature scale two and a half times as lai^e, of cycles observed 
on junctions Nos. 3 and 4, at 4 inches and 6 inches along the 
cylinder from the back end. The lower observations at the points 
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0, 10, 15 and 20, for No. 3, were taken after the observation of 
cycle No. 4, and illustrate the order of accuracy attainable in the 
measurement of these cycles. It will be noticed that the tern- 
perature begins to rise at each point before steam reaches it, if the 
piston is assumed to fit accurately. This may be explained partly 
by the friction of the hot piston, partly by a probable small leakage 
of steam, and partly by the fact that the piston-rings are about 
j^ inch from the face of the piston. In estimating the condensa- 
tion areas for these junctions, J inch is allowed for the imperfect fit 
of the piston ; that is to say, it is assumed that the steam reaches the 
JTinotion when the face of the piston is i inch behind the correspond- 
ing point of the stroke. The thickness of metal at these junctions 
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was • 037 incli and • 039 inch respectively, and is probably accurate 
^ TTuiT' The speed was 45 • 6 revolutions per minute. 

Effect of Later Cut-off. — A few trials only were run at a later 
cut-off— three at one- third, and two at one-half. The data of 
these trials were not in general sufficiently complete to afford a 
satisfactory basis of comparison. With a later cut-off the range of 
the wall-cycles observed on the cover did not differ materially 
from those previously recorded. The longer steam contact was 
compensated by a higher wall temperature. On the side wall, 
near the back end of the cylinder, the rise of temperature was 
nearly 20° F. at one-half cut-off as compared with one-fifth. The 
range of the cycle was reduced from 11 '0° F. to 9*2° F., at a 
depth of 0*037 inch in the metal, and a speed of 49 revolutions 
per minute. At 4 inches and 6 inches along the cylinder the 
ranges of the wall-cycles, at the same depth and cut-off, were 
increased to 7*2° F. and 6 • 0° F. respectively, as the full-pressure 
steam reached these points of the wall. The temperature of the 
middle of the cylinder was raised nearly 30° F. as compared with 
one-fifth cut-off, but the comparison could not be made quite satis- 
factorily owing to slightly different conditions of steam pressure. 
The total condensation, including the later portions of the stroke, 
was probably increased somewhat, but at the same time the 
cylinder feed was more than doubled. 

Temperature Distribution and Steady Heat Flow. 

Outward Temperature Gradients, — Careful measurements of the 
temperature gradients were made in various parts of the cylinder 
with a view to deduce the steady flow of heat. From the mean of 
several observations in the thickness of the cover, which was pro- 
tected by an air-jacket, a probable gradient of • 66° F. per inch 
was deduced, a value which corresponds fairly well with the 
probable external loss. At the points 4 inches and 6 inches along 
the side, the temperature of the inner surface was 2*4° and 1 * 1° F. 
respectively lower than that of the outer surface. This curious 
and at first sight paradoxical result, means that the cylinder wall 
at these points was losing heat to the steam. 

Temperature Gradients on Barrel Surface, — The longitudinal dis- 
tribution of temperature for one-fifth cut-off, single-acting, is 
shown in Fig, 11, together with a corresponding diagram of steam 
temperatures deduced from the average indicator-diagram, with a 
mean speed of 45 • 6 revolutions per minute. 

On several occasions special experiments showed that a change 
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of speed produeed little change ia the distribntioa of t«mperatare. 
The meaa temperatare at the centre of the cover ia the same trials ia 
shown by the mark (-), at 305° F., opposite the section of the cover. 
Effect of Lo-ngitttdinal Oonduction, and PUlon Convection. — The 
greater part of the condensation on the barrel- admission surface 
in a small single-acting engine is probably due to the lowering 
of temperature caused by conduction and convection along the 
cylinder. In this set of observations the mazlmnm gradient of 
9- 3" P. per inch occurs at a point a little after cut-off, and 
corresponds to a loss of heat by the admission surface of 11 '2 
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thermal units per minute The cyclical convection of heat by 
the piston is a factor which may be of some importance in a single- 
acting engine. It will depend on the snrface of the piston, on 
the closeness of the contact, and on the difference of temperature 
between the ends of the cylinder. In the present case the mean 
difference of temperature was 45° F. at one-fifth cut-off, and nearly 
65° P. at one-half cut-off. The curved surface of the piston was 
approximately 1 square foot. The effect of piston convection may 
be traced in the form of the cycles observed at one of the side 
junctions. In a double-acting engine, where both ends of the 
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oylinder are at nearly the Bame temperature, the effeot of piston 
convection would be of very little Lmportauce. In a high-speed 
single-acting engine like the Willans engine, it is probable that 
piston convection might be the most important factor in cooling 
the barrel- admission surface, and causing initial condensation. 

Abstraction of Heat by the Condensation of Wet Steam. — For a 
distance of nearly 6 inches along the side, while the engine was 
running at one-fifth cut-off, the external surface was nearly 1° F. 
on the average hotter than the internal. Heat, supplied by 
conduction, was being abstracted from the inner surface at a rate 
of at least 5 thermal units per square foot per minute. On stopping 
the engine the temperature along this belt immediately began to 
rise, and continued rising for some minutes. The heat abstracted 
by evaporation is greater than that supplied by condensation over 
this part of the surface. The probable explanation is to be found 
in the wetness of the steam due to adiabatio expansion. (See p. 41.) 



CoNDncTivrrY and Specific Heat of Cast Ieon. 

The electrical resistance of cast iron was found to be nearly ten 

times greater than that of wrought iron. Considerable differenoe 




Afpabatus roa 

in the thermal conductivity was therefore to be expected. Observa- 
tions on the cylinder showed that the conductivity of cast iron was 
probably some 30 per cent, less than the value generally assumed. 
It was therefore desirable to attempt a special determination of this 
important constant by the most accurate methods. With this object 
the apparatus shown in Fig. 12 was designed. The metal used was 
a 4-inch bar of iron, cast from the same ladle as the cylinder cover. 
Two independent methods were employed — (1) The calori- 
metrio method, in which the quantity of heat transmitted is 
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directly measured ; and (2) that of Angstrom, which depends on 
observation of the propagation of temperature waves. 

The Calorimetric Method. — In terms of the units employed, the 
result of this method may be stated as follows : — The quantity of 
heat conducted across a plate of cast iron 1 foot square and 1 inch 
thick, for a difference of temperature of 1° F. between its faces, 
amounts to 5 • 65 thermal units (pound-degree-F.) per minute, the 
plate being at a temperature of 104° F. (The value generally 
assumed for wrought iron is 7*5 in the same units.) Expressed 
in terms of C.G.S. units centigrade, the values become, cast iron, 
0*117, wrought iron, 0*155. 

The Angstrom Method, — The diffusivity or thermometric conduc- 
tivity is the ratio of the calorimetric conductivity k to the thermal 
capacity c of unit volume. The unit volume was taken to be a 
plate 1 foot square and 1 inch thick, in order to harmonize with 
the units employed for the calorimetric conductivity. Obser- 
vations were taken at mean temperatures of 215° F. and 130° F., 
from which was derived for the probable variation of the diffusivity 
with temperature the formula : 

-= 1-42 - 0-0010 <, 
c 

where t is the temperature in degrees Fahrenheit. 

Specific Heat of Cdatlron, — From a specially devised series of 
experiments there was deduced for the specific heat s of the 
specimen of oast iron at a temperature f F., the formula : 

« = 0-1090 4- 0-000060 <, 

which is probably correct to 1 per cent, between 200° and 350° F. 
Combining this with the result previously given for the diffusivity, 
the following values for the thermal capacity c of a plate 1 foot 
square and 1 inch thick, and for the calorimetric conductivity 
h are obtained : — 

Table I. — Conductivity and Specific Heat of Cast Iron. 



Temperature. 


Specific Heat 


Thermal Capacity 
c. 


DiffQBivity 
k 

c 


Conductivity 
k. 


100 


0115 


4-21 


1-32 


5-55 


150 


0-118 


4-32 


1-27 


5-48 


200 


0-121 


4-43 


1-22 


5-40 


250 


124 


4-54 


1-17 


5-Sl 


300 


127 


4-65 


1-12 


5-21 


350 


0-130 


4-76 


1-07 . 


5-10 
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Denaitgt Thermal Capacity and Compomtion of the Bar. — The 
density of the bar gives a weight of 36 '6 Iba. for a plate 1 foot 
square and 1 inch thick. The valnes for e given in Table I, are 
found by multiplying the epecifio heat s by 36-6. It will be 
observed that the valnes of the thermal con- 
etants of oast iron vary to a ooasiderable 
extent with the temperatnre. For calculating 
the Tables it is necessary to assnnie oertain 
average values of these constants and the 
numbers, * = 5-4, c = 4-5, - = 1-20 are 



Total caiboD 8 06 
Qnpbite . .2-86 

BilicoD . . 2-89 
PhMphonu . 1-05 
MasganeBB . 0-85 
Solphnr . . 0-022 



taken, which oorrespond to a temperature of 
220° F. The composition of the bar is shown 
by the appended chemical analysis. 



TolAl 



7-89 



COfTDENSATION. 

:at Heat Absorption.—Tiie curves given in Fig. 13 illustrate 

Fig. 13. 




Bpwil. IS revDlotloiu! per minute i r 
Temperatdbb Dbpth Cubvbs; Cast-Ibon CvLunsBB. 

the cyclical absorption of heat by the metal of a oast-iron cylinder 
at a speed of 42 revolutions per minute, for a simple harmonic 
variation of surface temperature with a range of 20°. The 
full curves show the simnltanecus values of the temperature at 
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diflferent depths for four typical points of the cycle. The heat 
absorbed or rejected by the metal between any two points of the 
cycle is proportional to the area included between the correspond- 
ing temperature-depth curves. The dotted boundary curves have 
the equation t= ± e"""*, and show the rate of diminution of the 
range of temperature t with increase of depth x. The index 

coefficient m is given by the formula m = ^^ — =— , where n is 

the number of revolutions per minute. In the case figured, 
m = 10 '5. The wave-length of the temperature-oscillation is 
Y^^ inch. At this depth the retardation amounts to one complete 
period, and the range is reduced to less than one five-hundredth 
part of its value at the surface. The wave-length in each case 
may thus conveniently te regarded as the practical limit of 
penetration of the heat-waves. 

Numerical Values for Cast Iron, — The following Table has been 
calculated for a cast-iron cylinder, with a simple-harmonic cycle of 

10° F. range at the surface, at various speeds, assuming the 

k 
values A; = 5*4, c =4'5, - = 1 '20, in the units given. The values 

c 

for any other range are directly proportional to the range. For cal- 
culating the various columns the numerical formulas used are : — 

- 6-28 

Index coefficient m = 1*618 ^n. Wave-length = ~zr~* 

Temperature range at 0-040 inch depth = 10° x 6-°^°". 

Heat absorbed in thermal units Fahr. per square foot per cycle 

3-18 

= 10° X . 

m 

Table II. — Cyclical Heat Absorption at Different Speeds in Cast Iron. 



Revolutions 

per 

Minute. 



n. 

25 

40 

50 

60 

70 

80 

90 

100 

150 

200 

300 

400 

500 



Index 
Coefficient. 



Wave- 
Length 
(Penetration). 



m. 

8-09 
10-24 
11-44 
12-54 
13-54 
14-47 
15-35 
1618 
19-82 
22-88 
28-02 
32-36 
36-18 



Inch. 

0-777 
613 
549 
501 
464 
434 
409 
388 
317 
275 
224 
194 
174 


















Temperature 

Range at 
0'04U incb. 



Heat Absorbed in Thermal Units 
per Square Foot. 



Per 10° Surface. 


Per Revolution. 


7-25 


3-93 


6-63 


3-11 


6-32 


2-78 


6-05 


2-53 


5-82 


2-35 


5-60 


2-20 


5-41 


207 


5-24 


1-97 


4-52 


1-61 


4 00 


1-40 


3-26 


1-14 


2-75 


0-98 


2-35 


0-88 



Per Minute. 
98 
124 
139 
152 
164 
176 
187 
197 
242 
280 
342 
392 
440 



[the INST. C.E. VOL. CXXXI.] 
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in caloQlatiDg the results of the 



The above Table is 
wall-cycles. 

Effect of the Form of lite Cycle. — The formnlas given, refer to 
a siin pie-harmonic wave, which is propagated without change of 

Fig.li. 
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form. Cycles of any other furm must be analyzed by the Fourier 
method into their simple-harmonic components. In order to com- 
pare the results of assuming an entirely arbitrary and peculiar 
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cycle, instead of the simple-harmonic, the coefBcients of the first 
twelve terms of the series, representing the triangular cycle 
shown in Fig. 14, were calculated liy the Fourier method. This 
series, when plotted, gives a curve, Fig. 14, rising to a maximum 
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of 10° at the point 0, and giving a very nearly constant temperature 
of —1° for gths of the cycle. The corresponding curve of heat- 
absorption, and the curve of temperature at a depth of • 040 inch, 
may be compared with the simple-harmonic cycle. Fig. 15, The 
temperature range of Fig, 14 at a depth of 0*040 inch is found 
to be 4*6°, corresponding to a surface range of 11°, at a speed of 
seventy-seven revolutions in cast-iron. For the same range at a 
depth of 0*040 inch, the simple-harmonic surface-range is 8° only. 
The surface-ranges differ considerably, but the quantities of heat 
absorbed are nearly equal. 

Table III. — Results op Observed Wall-Cycles. 




Villi 

Xi 



XVIJ 
XVIIa 
XVIIi 
XVII6 
XVIII 
XVIII 
XIX 
XIX 
XX a 
XXa 
XXa 
XX6 
XX6 
XX& 



100 

102-0 

46 

77 



Ins. Ids. 
0-010 C 
OlOO 
0-040 C 
0037 SO 



4 
3 
6 



3 

8 
1 



11-0 



73 

70 

70 

[)1 

45 

45- 

43 

43 

47 

47' 

47 

81 

81 

81 



4 
4 

4 

6 
6 

8 
8 

7 
7 
7 
7 
7 
7 



0' 



























039 
039 
013 
039 
039 
037 
039 
037 
039 
037 
037 
039 
037 



C 
C 





S 
IS 













037 



SO 

SO 

S4 

SO 

b4 



I 



4- 

4 

5 

3 

3 

4' 

4- 

13 
4- 

11 
4 
3 
8 
3 





6 
3 
5 
7 
9 
5 
6 

3 
4 
3 
5 



51 


1 


00 ! 


4-5 


0" 


88 


9-4 2 


75 


18-9 4" 


25 

1 


6-8 ! 1- 


•56 


6-7 ' 1 


•67 


6-6 1 


55 


6-2 


1 


26 


5 4 


1 


•56 


7-2 


2 


07 


7-5 


2 


20 


20-2 


6 


■00 


72 


2 


05 


17-2 


4 


•90 


6-7 


1 


•91 


6-0 


1 


•31 


14-2 


3 


•10 


6 


1 


•31 



318 
319 
313 
317 

324 
385 
335 
329 
329 
327 
329 
328 
331 
33 L 
331 
331 
330 
331 



295 
296 
287 
277 



301 


2- 


310 


2- 


310 


2- 


305 


1- 


251 


2- 


262 


3- 


305 


4- 


291 


9- 


307 


3- 


293 


7- 


265 


3- 


306 


2- 


292 


4- 


264 


2- 



1-50 
1-45 

4-28 
5 60 



•58 
•64 
•61 
•90 
-43 
•45 
•20 
•13 
•80 
-65 
•31 
•32 
•60 
•03 






67 


0' 


61 


0- 


64 





•76 





61 


1 


60 


, 0- 


•59 





66 





64 





•60 





53 





65 





54 





64 


, 


•58 


' 


56 





■67 



65 



The above Table includes all the observations of wall-cycles, for 
which complete data were available. In the third column C stands 
for cover, and S for side. For the latter junctions, the distance in 
inches along the side is also given. In trial X, the cycle at S, 
inch, was taken against one of the junctions in the cover. 
The maximum card temperature is deduced from an indicator- 
diagram taken in the middle of the cycle. The mean wall tem- 
perature is that at the middle of the wall at the position of the 
junction, from observations taken before and after the cycle. 
^These temperatures are probably right to • 5° F. i 
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BelcUion between Temperature, Speed and Condensation. — A com- 
parison of the temperature-ranges at the surface of the metal, 
with the steam-cycles and the mean wall temperatures, appears to 
demonstrate that, even at the lowest speed of these trials, and 
making allowance for the form of the surface cycle, the time does 
not suffice for the steam to raise the temperature of the surface of 
the wall more than a small part of the way up to its own tempera- 
ture. The largest surface-range of 20° F., observed in Trial XIX 
at forty-four revolutions, with a condensation lasting for nearly 
^ second, would raise the surface to 301° F. only, the temperature 
of the steam being 328° F. during the latter half of the interval. 
It is hardly possible to suppose this resistance to the passage of 
the heat from the steam to the metal, to be due to the existence 
of a surface film of oil or water. Assuming such a film to have a 
conductivity only one-hundredth of that of iron, it would require 
a thickness of at least 0*020 inch to produce the observed effects, 
if the surface of the film itself were instantly raised to the steam 
temperature. The cylinder was frequently examined immediately 
after a run, but the interior was invariably found clean and nearly 
free from grease. The grease film was certainly less than one- 
thousandth of an inch in thickness. With regard to water, the 
case is perhaps stronger. The maximum observed absorption of 
6 T.U. per square foot, would correspond to the condensation of a 
film about one-thousandth of an inch thick. If the resistance is 
due to a water film, the evaporation must be incomplete, and a 
film must remain from stroke to stroke. Further, this must also 
take place so uniformly and consistently as to give perfectly 
regular resistance in all parts of the cylinder, and throughout 
the trials. The steadiness and consistency of the readings are 
perhaps the best proof, but there is other strong evidence, that 
such a film was not present. 

The obvious inference from the observations is that the rate of 
condensation of steami is physically limited, and it is necessary to 
assume a provisional law of condensation in order to compare the 
results. As a simple and workable hypothesis, and for other 
reasons, the rate of condensation of steam on a metal surface was 
assumed to be proportional to the difference of temperature, and to 
be independent of the pressure. . This assumption would make the 
amount of condensation taking place on any part of the walls, 
proportional per cycle to the average excess of temperature of the 
steam, multiplied by the time during which the temperature is 
above that of the walls. This product is found by measuring the 
condensation area on the cycle diagram included between the curves 
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representing the steam and tlie wall-surface cycles. It is con- 
veniently measured by the product of the time in seconds into 
the average diiference of temperature in degrees. If this area on 
the cycle-diagram is measured in degrees of temperature, and in 
sixtieths of a revolution, the result gives the condensation area 
in degree-seconds per minute. This result divided by the revolu- 
tions per minute gives, farther, the condensation area in degree- 
seconds per cycle. These condensation areas have been measured 
for each of the observed wall-cycles, and are given in the last 
column but one of Table III. The last column gives the ratio of 
the heat Q absorbed per cycle to the condensation area A in each 
case. The approximate constancy of this ratio would appear to 
indicate that the hypothesis is at least a first approximation to 
the truth. 

Method of Estimating the Total Condensation at any Epoch, — It is 
evident from Table III that the condensation area is fairly pro- 
portional to the amount of condensation taking place at any point 
over the range covered by the experiments. It is further assumed, 
if a vertical line is drawn on the diagram of the cycle correspond- 
ing to the position of the piston at any epoch, the condensation 
areas measured to that line may be taken as proportional to the 
condensation which has taken place at each point of the surface 
up to the epoch considered. It is possible in this manner to arrive 
at a fair estimate of the amount of condensation at or shortly 
after cut-oflf, before re-evaporation has commenced. There is, 
further, evidence that the re-evaporation follows the same law, and 
may be in many cases treated in a similar manner. 

Numerical Application of Method of Condensation Areas, — To make 
an estimate of the condensation in Trials XVI-XX, at • 250 of the 
stroke, shortly after cut-oflf, and at • 700 of the stroke, shortly 
before release, the mean wall temperatures are assumed to be 
independent of the speed, provided that there is no wire-drawing 
or other change of conditions. Hence the condensation areas, 
measured on the cycle -diagram in degrees of temperature and in 
sixtieths of a revolution, are the same or nearly so at diiferent 
speeds. It is suflficient, therefore, for this estimate to take the 
area so measured and multiply it by 0*61, the mean of the values 

of the ratio -^ in Table III, in order to deduce the cyclical heat- 

A 

absorption for the parts of the surface considered. 

The following Table gives the total heat-absorption on the 
clearance surfaces. The portions of the barrel surface subse- 
quently exposed by the motion of the piston, require to be 
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treated somewhat differently. The temperature of the piston was 
specially determined by means of a platinum thermometer inserted 
through a hole in the piston-rod. 

Table IV. — Cyclical He at- Absorption fob Clearance Surfaces. 



Portions of the Surface Considered 



Cover, face 10 '5 inches diameter 
„ side B'O „ . . . 

Piston, face 10 '5 inches diameter 
„ side 0*5 

Barrel, side 3*0 

Counterbore 5 

Ports and valve 



»» 






»» 



Sums and Means 



Area 

of 

Surf ice. 



Square Feet. 
0-60 
0-70 
0-60 
0-11 
0-71 
012 
0-90 



3-74 



Mean 
Temper- 
ature. 



301 



Gonden- 



Heat 



eatlou Area Absorbed in 
j i»er "^'qujire- Thermul 



F<M»t per 
Minute. 



op. 


o Seconds. 


805 


185 


805 


185 


295 


800 


295 


300 


297 


285 


291 


380 


305 


185 



231 



Unit Fahr. 
per Minute. 



68 

79 
110 

20 
123 

28 
102 



530 



At • 260 of the stroke, 3 inches of the barrel surface have been 
exposed by the motion of the piston. Estimating the total contri- 
bution of this portion of the surface at 55 T.XJ.F. per minute 
up to 0*260 of the stroke, there is a total heat-absorption of 
685 T.XJ.F. per minute at * 250 of the stroke, which corresponds 
approximately under the conditions of the trials, to the conden- 
sation of 0' 65 of a pound of steam per minute. The condensation 
per cycle at this point for any of the trials considered, may be 
obtained by dividing this result by the revolutions per minute. 
It will be observed that the clearance surfaces contribute about 
90 per cent, of the total condensation. 

Estimate of Be- evaporation during Expansion, — It is not possible 
to make an estimate of re- evaporation with the same degree of 
probability as condensation, but some idea may be gained, by a 
similar method, of the amount of re-evaporation that has taken 
place before release. A probable excess of re-evaporation over 
condensation equivalent to nearly 300 T.XJ.F. per minute is found, 
and the quantity of heat rejected by the metal at release and 
during the exhaust period, generally called the exhaust waste, 
may be estimated at 250 T.XJ.F. per minute, under the conditions 
of the present trials. 

Steam Cycles. 

The Steam Thermometer, — The thermometers, which were suffi- 
ciently sensitive to follow the changes of temperature of the steam 
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throiigliODt the stroke, were made of very fioe platinnm wire, 
iT^oo inch in diameter. The method of attaohme at to the pistoa is 
shown in Fig. 16. 

Temperature Cyde of Steam in Cover. — The first set of observa- 

Ftg 16 




Piston showiho Plaukdu Thebhourteb. 



tiona with one of these thermometers was made with the instra- 
ment fiied in a hole in the cylinder-cover. The results are 
exhibited in Fig. 17. The indicated steam temperatures are shown 
by the full curve, the temperatures of the platinum thermometer 















Fig. 17 
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by the dotted curve. The temperature scale ie the same for both. 
The most striking fea,tuTe of the platinum curve is the great 
superheating shown at the end of compression. During admission 
the temperature rapidly iklls. At, and shortly after, cut-off the 
thermometer invariably showed a temperature 2° or 3" below the 
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indicator. It soon, however, rises above the indicated curve, anrl, 
with the exception of a sudden drop at release, due to adiabatic 
expansion, continually approaches the temperature of the walls 
during the exhaust period. The actual superheating of the steam 
during compression must have been greater than that shown by 
the thermometer for two reasons. The method of observation 
gives the mean temperature during a certain interval of contact, 
generally gV revolution, and cannot thorefnre reproduce a very 
short and sharp maximnm. Secondly, although the thermometet 
was certainly very sensitive, the lag must have been appreciable 
on a rise of 100° F. taking place in 0-1 second. It is remark- 
able that the effect of radiation from the cool surrounding walls 
is not more noticeable. To test the efi'ect of pure radiation, 
as compared with that of convection, on tbese thr rmomoters, a 
special experiment was made, when it was found that the rate of 
loss of heat by pure radiation for this very fine wire, at tempera- 
tures between 200° F. and SSO" F., was between fifty and one 
hundred times less than that dne to convection. The possible 
error due to direct radiation from the surroundiog walla does not, 
therefore, amount to more than 1° or 2°, and the thermometer is 
really indicating the temperature of the steam around it. The 
peculiar characteristics of the platinum curve in Fi'j. 17 were 
verified on several oooasions, and with different settings of the 
valve, the results observed in every case being similar. 

Piston Steam Thermometer. — -To observe the temperature of the 
main body of the steam at a distance from the walls, a similar 
thermometer'was attached to the piston in the manner shown in 
Fi<j. 16. The thermometer projected from the piston for a distance 
of about 3 inches, and was received at the back end of the stroke 
in a tube 1 inch in diameter in the centre of the cover. The indi- 
cations of this thermometer at different speeds and at different 
settings of the valve, were in remarkably close agreement with 
the card. Systematic differences, however, wore always observed, 
which, from their consistency and from the great number of obser- 
vations, cannot he attributed either to errors of the indicator or of 
the tbermometcr. The curve in Fig. i8 is drawn from the card 
taken simultaneously with the observations of the platinum 
thermometer. The differences observed are almost too small to be 
shown. They are much greater, however, than the uncertainty 
of the observations themselves. The temperatures at admission 
and release were much steadier than in the cover. At most 
other points of the stroke it was [wssible to take readings to 
O'l degree, and the extreme variations often did not amount to 
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more than 0-5 degree for several minutes. The superheating 
shown during connjression was Buiall; the greatest amount was 
shown in the middle of the admission period. The centre of the 
steam appears to have been at this epoch generally 4" F. or 6° F. 
above the indicator. Fig. IS shows the smallest value recorded, 
namely, 2° F. Other examples will be found in Fig. 7 and Fig. 10. 
Throughout the eipauBion curve, the readings of the platinum, 
thermometer were between 2° F. and 3° F. lower than the indi- 
cator. At the end of the stroke, and for part of the exhaust period, 
the temperature fell to between 207" P. and 208° F., but recovered 
to 212° I",, or close to the barometric temperature, before the end of 
exhaust. This may have been due to a real lowering of pressure. 
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owing to the rapidity of condensation in the surface condenser at a 

pressure slightly below that of the atmosphere. The corresponding 

'difference of pressure is only 1 lb. The lowering of temperature 

the steam during expansion appears, on consideration, to be too 

irge and regnlar to be explained by any error or lag of the 
indicator ; lag of the thermometer would have the opposite effect. 

Tegting the Indicators. — The indicators were tested ae nearly as 
possible under the conditions of the trials, and were oarefnUy 
adjusted ; they were daily oiled and cleaned, and tested for friction 
and back-lash. At the comparatively low speeds of the trials, 
it is hardly possible that they should have so considerable a lag as 
■would be required to explain the difference l>etween the indicator 

tnd the platinum thermometer. 
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Teal of Seneilivenega. — A test of the senBitivenesa of the platiDaiu 
thermometer, \a which the engine was mn with air insteail of 
steam in the cylinder, with a view to determine the probahle 
amount of lag, ia illustrated in Fig. 19. The lag conld not have 
been greater than 2" with the temperatare of the air ruing at the 
rate of 100° per second, but it is.not possible to obtain any form of 
indicator sufficiently sensitive and aoonrate to perform this test 
satisfactorily. 

Superheating due to Wire-drawing. — Fig. 20 gives an illnstration 
of a different kind of steam-cycle, taken daring the measorement 
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of a valve leak, and showing a very nnexpeoted amount of 
superheating. The temperature of the steam leaking into the 
cylinder under these conditions, aa measured by the platinum 
thermometer on the piston, is shown by the dotted curve. The 
fall carve below shows the temperatures deduced from the indi- 
cator on the assumption that the steam was saturated. 

Conclusions. — From the steam-cycle observed in the hole in the 
cover, it appears that, even within j\ inch from the walls, the 
temperature of the steam is greatly affected "by adiabatic oom- 
pressioa and expansion, bat that daring comparatively quiescent 
periods of the cycle, such as the exhaust, the steam close to the 
walls is heated nearly to the wall temperature. In a single- 
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acting non-condensing engine, with b. moderate degree of compres- 
sion, water is not likely to oollect in the comers and receesea of 
the clearance; and the clearance contents, conBisting chiefly of 
superheated steam, cannot be regarded aB a primary cause of con- 
densation of the admission steam. The fact that the platinum 
thermometer, after falling below the indicator at cut-off, crosBes 
it again at a temperature slightly below that of the walle, and 
then rises considerably above it, shows that re-evaporation from 
the cover is probably complete some time before release, and 
that evaporation from a highly heated wall is probably a process 
of a rapid and explosive character. From the piston steam 
thermometer, the temperatures deduced for the indicated pressures 
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SUPERHEATIMO DDE TO 'V 

seem to represent very fairly the average state of the main body 
of the steam, but the steam is probably slightly superheated daring 
compression and admission, and slightly supersaturated during 
expansion and eshaust. The effects observed are probably too 
large to be explained by lag of the indicator. The superheating 
of the steam during admission may be partly explained by the 
further compression of the already superheated cushion steam, 
which in the present case formed one-fifth of the cylinder con- 
tents. It is also partly due to the hinetio energy of the inrush. 
In any case it is evidence that the steam supply from the boiler 
was fairly dry. Under the conditious of the trials it is impossible 
that the steam supply could have been 8uperh«3.tft4- ' " ■^ , 
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thennometers in the steam-pipe and steam-cliest indicated the 
normal temperature. The results of testa with a number of 
different thermometers showed the temperature of the steam during 
expansion, and during the early part of the exhaust, to be lower 
than that deduced from the indicator. 

Dynamical Equilibrium of Expanding Steam. — Apart from the 
statical condition of equilibrium between steam and suspended 
water-drops, which depends on the size of the drops and on the 
Talue of the surface tension, there is also a dynamical condition in 
the case of rapidly expanding steam, which has not, so far as the 
Authors know, been previously noticed. ^ When steam is expanding 
adiabatically,it requires, as is well known, a condensation equivalent 
to nearly one thermal unit per pound per degree Fahrenheit of fall, 
to keep it up to the saturation temperature. This condensation 
must take place chiefly on the surface of drops already formed. 
The temperature of the drops can be maintained only by continual 
evaporation. Unless the steam condensed is at a lower temperature 
than the drops, there can be no balance of condensation, and the 
temperature of the drop cannot fall. The lowering of steam- 
temperature required will evidently be proportional directly to 
the rate of condensation, and inversely to the surface exposed by 
the drops. Since the drops are at once foci of condensation and 
foci of heat, there must be powerful obstructive influences at 
work, and the lowering of temperature of the steam may therefore 
be considerable. In the absence of more certain indications these 
obstructive influences may be assumed similar in magnitude to 
those which limit the rate of condensation of steam on a metal 
surface. It is possible to make a numerical estimate of the order 
of the lowering of temperature. At n revolutions per minute, the 
initial rate of fall during expansion, in the experiments at one- 
fifth cut-off, may be taken as about 10 n °F. per second, and the 
required balance of condensation as 8 n thermal units per pound 
per second. If the wetness of the steam is 1 per cent., and the 
average diameter of the drops 0*000024 inch, the surface exposed 
per pound of steam would be nearly 480 square feet, and the 
lowering of the steam temperature at 100 revolutions would be 
about 2*7° F. The lowering required increases in direct pro- 
portion both to the speed and the diameter of the drops. With 
nearly dry steam at high speeds the initial lowering may be 
considerable, especially if the drops are large and few. If it be 
admitted that the temperature of rapidly expanding steam may 
fall considerably below its saturation temperature, it affords a 
possible explanation of a certain loss of efficiency in high-speed 
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engines. From the beliaviotir of other vapours in a supersaturated 
condition, the pressure, if the steam remained dry, would be much 
more reduced for a given expansion of volume than it would be 
if the steam had time to maintain itself by condensation at its 
saturation temperature, 

The statical condition mentioned affords an explanation of 
the unwillingness of steam to condense otherwise than on dust 
nuclei, or cm drops of water already formed. It will be observed, 
however, that in order to account for a lowering of 2 or 3 degrees, 
the drops would have to be of so minute a size as to be invisible 
in the most powerful microscope. The linear dimensions of the 
drops actually occurring in steam-engine practice are probably 
between one hundred to one thousand times greater. 

For the dynamical condition, on the contrary, the larger the 
drops the less the surface they expose, and the greater the fall of 
temperature required. A diameter of ^ q /q ^ q inch would mean a fall 
of about 50° F. below the saturation temperature at 400 revolutions 
per minute and wetness 1 per cent. In the absence of accurate 
knowledge of the properties of steam under these conditions, it is 
not possible to say exactly how much missing steam such a fall of 
temperature would account for. It would probably be between 6 per 
cent, and 10 per cent., according to the extent of the drop surface. 
The subsequent recovery of temperature, as more drops were 
formed and condensation proceeded, would simulate the effect of 
re-evaporation. The initial fall of temperature at a high speed, 
however considerable, would probably be of very short duration. 

It is not improbable that stoam in this supersaturated condition 
may tend to condense more readily on any surfaces exposed to it, 
which happen to be below the saturation temperature, than would 
be the case with ordinary wet saturated steam. The temperature 
of the steam itself may have some influence, as well as that of the 
surface on which it is deposited. For the same degree of adiabatic 
expansion, the heat abstracted from the walls would be the same, 
whether the steam condensed is dry and supersaturated, or wet and 
saturated, provided that in the latter case the suspended moisture 
is deposited along with the steam. The amount of condensation, 
however, might be greater in the case of the supersaturated steam, 
if the temperature of the steam itself has any. influence. 

Supposing the steam is many degrees below its saturation 
temperature during rapid expansion, no thermometer, however 
sensitive, could indicate the whole extent of the phenomenon. 
The rapid motion of the steam and the piston might tend to cool 
it, but the condensation on its surface would tend to keep it neax 
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the saturation temperature corresponding to the pressure. The 
lag of the thermometer would also make the reading too high. 
If, on the other hand, it is inconceivable that the thermometer 
should indicate anything but the saturation temperature, the 
differences observed must be due to a real difference of pressure, 
owing to the rapid vortical motion of the steam, between the 
centre and the circumference of the cylinder contents. Such 
differences must exist, and have often been regarded as important. 
It is probable that further experiments of this nature might 
throw some light on the question. 

Valve and Piston Leakage. 

The Slide Valve, — In estimating the amount of condensation in 
the cylinder by comparing the measured feed per revolution with 
the steam indicated by the diagrams, the valve and piston leak 
is generally assumed to be negligible. The effect of leakage, 

I Figs, 21. 




however, is in many ways so similar to that of condensation, that 
one may readily be mistaken for the other ; and no estimate of con- 
densation deduced from diagram and feed measurements can have 
any claim to consideration, unless the state of the valves and piston 
in respect of leakage is simultaneously investigated. In addition 
to trying the stationary test for leakage, which is very easily 
applied, the leakage was measured as accurately as possible under 
the actual conditions of running. The stationary test was found 
to be of little oi no value. 

Preliminary Leakage Tests, — To measure the leakage into and 
out of the cylinder, with the valve in motion under the conditions 
of running, but just not admitting steam directly, the piston was 
blocked and cards were taken, the barrel motion being obtained 
from the valve spindle, and the engine being driven by a motor. 
Figs, 21, a and 6, are sample indicator-diagrams taken at the back 
end of the cylinder, in the above manner. The first, a, showing 
a maximum of 20*3 lbs., was taken on July 29th, diagram h on 
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August 29tb, after the valve had been very carefully scraped 
and refitted; diagram c is one taken at the crank end on the 
same date. 

The following were the conditions of the test : — 





Indi- 


Average Pressuie. 


Mazi- 
mum 
Tempera- 
ture. 


Volume 

of 
Cylinder. 


Revolu- 
tions per 
Minute. 




Date. 


cator- 

dia^ram 

(Type). 


Oauge. 


Cards, 
Maximum. 


Leak. 


July 29 . . 
August 29 
August 29 


a 
h 




97-0 
810 
81-0 


19-2 
4-87 
5 3 


o 
301 

316 

• • 


Feet. 
0-360 

0-648 

0-063 


41-8 
75-7 
75-7 


Ll'8. per 
Hour. 

38-6 

30-6 

3 6 

4 



Fig. 22. 



A smaller indicated pressure in the second case was nearly 
compensated by the higher speed and greater volume, so that the 
resulting leak deduced is not very far from being proportional to 
the difference of pressure under which the leak took place. It 
would appear that the leakage is not merely a question of such 
minute differences of fit as those corrected in the scraping. 

Direct Exhaust Leakage, — Preliminary trials showed the direct 
leakage of steam from the steam-chest into the exhaust to be by 
far the largest and most im- 
portant. In order to measure 
this leakage as nearly as pos- 
sible under the conditions of 
running, both the steam ports 
were blocked with lead, and 
the valve was driven by an 
electric motor, the piston being 
disconnected. The following 
are the results of two experi- 
ments made with the same 
valve setting as for the later 
series of trials at one-fifth 
cut-off. In the first trial, 11 2 lbs. were condensed in 25 • 17 minutes, 
at a gauge pressure of 91 lbs. per square inch, and the rate of leak 
appeared to increase slightly as the oil-film was gradually dissipated. 

The effect of the dissipation of the oil-film is well illustrated in 
the second trial under the same conditions, for which the results 
of the separate weighings of the feed have been plotted in the 
curve shown in Fig. 22, In this trial 317*5 lbs. were condense 
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in 66*42 minutes, at a gauge pressure of 80*6 lbs. The initial 
rate of leak, however, which was taken as the correct value, agrees 
very closely with the previous trial. 

To compare the results of different leakage trials, the leakage 
is provisionally assumed proportional to the difference of pressure. 
In the equation, leak in lbs. per hour = A; X (difference of 
pressure) ; the constant k, which may be called the " rate of 
leak " of the valve, gives the leak per hour per pound difference 
of pressure. The rate of the direct exhaust leak for this particular 
setting of the valve is : — k = 2*98. The round number k = 3 • 00 
for estimating the leakage corrections is evidently within the 
limits of error of the measurements. No trace of this leakage 
appears on the indicator-diagrams, which were of the most per- 
fectly regular type throughout, as shown in Fig. 8. 

Leakage of Unbalanced Slide-Valves, — With a view to investigate 
this question further, exactly similar tests were made on the 
smallest apd largest valves of a quadruple-expansion engine. The 
H.H.P. valve gave a leak of 38 lbs. per hour, with a pressure 
difference of 100 lbs. between the steam-chest and the exhaust pipe. 
The L.P. valve gave 41 lbs., and 29 lbs. per hour, with pressure 
differences of 34 lbs. and 21 lbs. respectively. These valves are 
ordinary unbalanced slide-valves, with large bearing and guiding 
surfaces, and the fitting throughout is undoubtedly of a high order. 
The low-pressure valve was proved to be absolutely steam-tight 
when stationary. 

Provisional Law of Leakage, — By applying the law of transpira- 
tion of liquids, assuming that the leakage takes place chiefly in 
the form of water, results were at once obtained which, considering 
the nature of the measurements, are remarkably consistent both for 
the balanced and for the unbalanced valves. The leakage of a 
liquid through a fissure of nearly uniform thickness, depending 
on the nature of the water- and oil-film, should be proportional 
directly to the difference of pressure and the perimeter of the 
port, and inversely to the width of the bearing surfaces. .The 
latter factor is somewhat difficult to estimate for a moving valve, 
but for the present purpose the values given in the following 
Table are probably sufficiently approximate. If the fissure through 
which the leak takes place is of nearly the same thickness in each 
case, the rate of leakage k per lb. pressure per hour should be 
proportional to the perimeter p of the port, divided by the mean 

Cp 
overlap I. Thus k = — ,— , where C is a coefficient depending on the 

nature of the oil- film, which should be the same for the same type 
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cf valve. It might possibly be nearly the same for Talves of 
different types, if it depends on aome physical property of a mixture 
of oil and water. 

TABLB V. — GOWFABIHON OF RklKB OF LEAEABB. 



VHytcOBHOuiA. 


Ferlmeln 
of Pot., 

J- 


t^l 


Billo. 


Le.k.'i.. 


DedoKd 
ValUB ut 


BoUnoed, Eobb .... 


72 


InchM. 

0-5 


IM 


8-00 


0021 


B tJnbdsiioed H.H.P. . . . 

1 : f;::; 


30 
65 
65 


1-5 
1-0 
10 


20 
65 


0-38 
1-20 

1-38 


0'019 
0-019 
0-021 



p The leakage coefficientB observed with the different valves, are 
at least of the same order of magnitude. If ao, we are justified 
in concluding that the leakage probably takes place in the form of 
■water, and is proportional to the difference of pressure. It would 
also appear probable that Bucb leakage is the normal state of things 
with a moving valve, and that the excessive leakage observed with 
the balanced valve, is not a defect peculiar to this type, but is 
simply a consequence of its comparatively large size. At the high 
speed for which this engine was designed, the leakage would not 
be a very serious matter. If the leakage were simply due to 
accidental tilting motions, or to bad fitting, it is difScult to see 
why the value of the coefficient C should be of the same order for 
valves of such different types. If, on the other hand, the leakage 
is not purely accidental, but follows a regrilar law, it is a matter 
of such practical importance as to be well worthy of further 
investigation. 

Leakage into Cylinder after Cat-off. — From the experiments 
described on p. 31, it is possible to obtain an independent verifi- 
cation of the value of the coefficient C. With I - }i inch, and 
j> = 20 inches, the values are 0=0-022, and C = ■ 020 respectively. 



By means of the time integral of the expression 



p cn - p) 



, the 



leakage taking place into the cylinder during expansion between 
the points 0-26 and 0-70 of the stroke, for trials XVI.-XX., 
amounts approximately to 6'0 lbs. per hour. The smallness of this 
result is due to the fact that the difference of pressure is small 
just after ont-off when the overlap is least. 

PiEton-Leak under Conditiong of B«Hiij'j»fl'.— Under running con- 
[the Inot, C.e. vol, cxxxi.] D 
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ditioDB, the steam leaking past the piston woa found to amoniit to 
15'3 lbs. per hour under a, mean pressure of 33 lbs. The pietoa- 
leafc taking place during expansion between 0*25 and 0*70 of ths 

TaBLK VI. — COMPABIBON OP OaHDS AMD FkKD WITH WaLL-CTOLES. 



i 



— 


1 Z 


S 


.™ 


i B 


S 


Me.n.1 


7 


1. No. of trial . . . 

2. Du»t[oQ in miDut«B 

3. Muan revs, per miouU 

4. Mesn gange presBuce 


37-0 G8-0 
438 457 

87-9 |89-2 


55-0 
47-7 
04-4 


1,1,! 

15-7 
90'8 


79-0 ItS^O 
70-4 173 4 
98-1 92 


35-0 
81-7 
94-2 


». 6,' 

73-7 
95-1 


SVU6 
25 
97-0 
96^0 


5. GroBS feed per rev. . 

6. Leakage correction . 


■14221-1437 
■1004-0976 


1483 
■0990 




-10941 -1036 
•0697|-0627 


■1000 
■0576 




■0866 
-0494 


7. Corrected feed perl 

8. Calculated cnsiionl 


■0418 -0461 
■0107 ^0104 


■0493 
■0103 


■0462 


-0397 -0409 
■0099-0098 


-0424 

•0100 


-0407 


■0362 

■0105 


9. Total weight or fluid 1 
eipanding in cj- 
linder . . . . ] 


■0525 -0565 

1 


■0596 


■0567 


■0496 


■0507 


•0524 


■0505 


■0467 


10. Indicated weight at\ 

0-2.10 . . . .; 

11. Indicated weight ati 

0'700 ... .J 


-0407 -0414 
■0466 ■0456 


•0137 
■0488 




■0418 
■0460 


■oy94 

■0436 


■04O8 
■0454 




■0393 
■0426 


12. IneroRseoficdicatedl 

weight . . . ./ 

13. Adiabntie condene- 


■0059-0042 
■0019 -0020 


■0051 
■0021 




■0042-0042 
■0020 -0019 


■0046 
-0020 




■0033 
-0019 


13. Calculated evapor-' 


■0078-0062 
-0076-0073 


■0072 
■0070 


-0069 
■0073 


-0062 -0061 ■0061 

-0048-0046r0041 

1 


■0062 
■0048 


■0052 
-0033 


16. Indicated condene-\ 
ation ..... 


■OllS^OlSl 
■0I48-014-3 


■0159 
0136 


■0146 
■0142 


■0078 ■0113 ■0116 

■0002 ■0089-0080 

1 1 


-008f 


■0074 
■0067 


16. 
10 


Water Ifper cent, of 

present \ feed (7) . 

at (1 per Hint, of 

0'250]\ fluid (9) ., 


283 32'7 
22-5 26'S 


32 ■a 

26-7 


31-7 

25-8 


ao^o 27 7 

15 7 22^3 


... 


24-3 

19^G 


20-i 
15- » 


20. Indicated HP. . . 

21. Lbfl. per LHP. hour 

LHP. hour . .1 


4-10 4-34 
26-8 29-1 
7-6 9-5 


4-78 
29 ■S 
9-5 


4-43 
28-6 
9-1 


7^02' 6-67 
i3-8 27- 1 
4-8 7-5 


7-71 
26-9 
7-3 


7-00 
Z5-7 
6-S 


s-n, 

23-8 
4 8 


^ J 








^H 


^H 










^^^1 
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stroke, under the conditions of trials XVI-XX, amonnts to only 
2 ■ 5 lbs. per hour, the greater part of the leak ocourring dnring 
admission. 

Comparison of Indicated and Oatcidaled Condensation. — The results 
given xa Table VI, with the eioeption of the first four and the 
last five lines, are expressed in terms of the weight of steam and 
■water per cycle in lbs. 

The difierencea of the weights in lines 9 and 10 are given in 
line 16. They depend entirely on the rate of leakage assumed 
for applj^ng the very large leakage correction given in line 6, 
Considering the magnitude of this correction, it is most remark- 
able that the weights in line 16 should have so great a degree of 
consistency. A variation of only 3 per cent, in the rate of leak 
■would be sufficient to explain the largest discrepancy from the 
mean. The order of consistency shown ■under such differences of 
sjieed and pressure, and probably also of lubrication, itoai trial to 
trial, is perhaps the strongest proof that could be given that the 
phenomenon of valve leakage is subject to regular laws, and 
deserves much more attention than it has hitherto received. Con- 
sidering the range of speed covered by the trials, there is strong 
evidence that the rate of leakage is nearly independent of the 
speed of reciprocation of the valve. The evidence that it is 
simply proportional to the pressure is mnch less conclusive. 
Line 17 gives the total condensation at 0'2S0 of the stroke, 
calculated from the results of the observed wall-cycles for three 
low-speed trials. This assumes that the cyclical condensation per 
minute is independent of the speed provided that the temperature 
conditions remain unchanged. It ia evident, on comparing the 
numbers in lines IG and 17, that the indicated condensation 
agrees as closely as can he expected with this view. There 
is perhaps a slight indication of a greater rate of condensation at 
the higher speeds, but this is partly accounted for by the higher 
mean pressure and temperature corresponding to these trials. The 
results in line 17 were calculated to correspond to a gauge-pressure 
of 90 lbs. 

The Nature and Effects of Valve Leakage. — The foregoing experi- 
ments would make it appear probable that a moving valve, however 
well fitted, is subject to a regular leakage of a peculiar type, which 
has not been previously suspected. The leakage appears to take 
place in the following manner. So long as the valve is stationary, 
the oil-film may suffice to make a perfectly tight joint, but as soon 
as it begins to move, the oil-film becomes broken up and partly 
• ■dissipated. Water is being continually condensed on the colder 
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parts of the eurfaca exposed by the motion of the Talve. This 
■water works its way through, and breaks up the oil-film nnder the 
combined ioflneace of the presaure and the motion. The coatinnal 
re-evaporation taking place in the exhaust tends to keep the valve 
and the bearing-surfaces of the seat cool, and to maintain the 
leaking fluid in the state of water. The exhaust steam from the 
cylinder has the same tendency. The coefBoients of viBOOsity of 
steam and water at the temperatures which occur in a steam- 
engine are not accurately known. But whereas that of ateam 
increases with rise of temperature, that of water diminishes very 
rapidly. It ia not improbable that the quantity of water which 
can leak through a given crack under a given difierenoe of 
pressure, may be from twenty to fifty times greater than the 
quantity of steam which can leak under similar conditions. This 
agrees with well-known facts iu regard to leakage, and explains 
how it is that the leakage in the form of water is so great. A 
few simple experiments were made with regard to the transpira- 
tion of water and steam under the conditions in question, and 
the leakage in the form of water was more than twenty times as 
great, the water being at a temperature below boiling point. The 
motion both of the water and the steam, owing to the high velocity, 
was certainly turbulent or eddying, which would have the efi"ect 
of greatly increasing the resistance as compared with that due to 
viscosity, if the motion were steady, For the case of steady motion, 
comparative tests were made of the relative values of the viscosity 
of water, cold and hot. The measurements were not sufficiently 
accurate to give the law of the variation of the viscosity with 
temperature above 212°; but it appeared that the viscosity at 
212° F. waa only one quarter of that at 62° F., and that it con- 
tinued to diminish very rapidly. Under the actual conditiona of 
the valve-leak experiments, the water leak is more likely to have 
been between forty or fifty times the steam leak. An explana- 
tion is thus furnished of a possible form of leakage, indirectly dua 
to condensation and re-evaporation — so many times greater than 
the ateam leakage, which, alone, engineers have been in the habit 
of contemplating, that it might well claim attention on its owa 
merits, apart from the very limited number of valves on which it 
has hitherto been possible to make direct experiments. 

The analysis of a large number of observations, in addition tO' 
the few made by the Authors, leads to the conclusion that all 
valves leak more or less when in motion, and that in many casea 
the greater part of the missing quantity is to be attributed to 
leakage of this description. Whatever the precise manner in 
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irbicb tlie leak takes place, it appears to bs neatly proimrlioiiftl to 
the differcDM of pressure, Add to be in moat cuies ini)e|>eii<l«i]t of 
the speed. Id aoy case, it appears probable that the leakaf^ i« 
connected in some way witb the condoosation taking place on t)i« 
Talve surfaces. If bo, it may evidently be greatly reduood, if not 
entirely cured, by jacketing, or otberwiae heating the valve-aoat, 
to tnininiise the condensation. 

Tbeae views have an important bearing oo the daeign of valvM. 
For low-speed engines, separate stesoi- and eihaiut- valves slionlil 
possess advantages over the ordinary slido-valve. The siijierlority 
of the compound engine would also appear to be jiartly duo to tli« 
great reduction of possible leakage. 



Qenkeil Conclusionh, 
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On the Rate "f Oondeiuatian of Steam. The moat iniiwirtatit 
general oonoluaion to be derived from the DZiieriinenlB is that Ilia 
rale of condensation of steam on a metallio aurfaoe la limitml, and 
is proportional to the differenoe of temperature, 'i'lie small 

increase observed in the ratio --, p. 21, with iucroaao of apcoil, 

may l>e moat naturally ex]i1uiued as due to the diminlahml tlilfik- 
nesB of the water-tilm de|)OHite<I, and the smaller range of llie 
metal cycle. The slightly smaller values observed on the ouvor as 
compared with the sides, though jiomilily due to slight dill'nrsniMHi 
in soldering or in the form of the cycle, may also lio attriliulod to 
the state of the surface. Taking tliese faclom Into ounsldoratlon, 
the probable rate of condensation of steam on a olesn and dry 
metal surface is found to lie U-T4 thermal units ]>er smxjiiil 
per square foot per 1° F. difference of tenijioraturo at IllW" 1'. 
Expressed in more familiar quantities, the rate bIkivo givon 
would correspond in a surface oondcnitor to the oonduiiaatioTi of 
21 lbs. of dry steam per square foot i>or hour for u ditl'oroiiiw of 
temperature of 10° F. between the steam and llio lurfaoo. 

Condenmlion in Terma of Tvniperiitiirn JJinlTihuliim. - AHNUiiiiiig 
tbat the amount of condensation is limited Ijy the rate of ooiid on na- 
tion of steam given by the above law, the problem of csUmaiing 
the amount of condensation taking place in any given engine 
with any given steam cycle, is reduced to the (comparatively) 
simple problem of determining the temperature distribution 
on the cylinder walls while the engine is running, (liven the 
temperature distribution, the condensation is inferred by measuring 
condensation areas on the cycle diagram. 
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Limit of Cyclical Condensation for any given Cyde.~'Tha,t it shonld 
be neoesaary to observe the temperature distribution in any case, 
in order to be able to deduce the cyclical condensation, rnay appear 
at first sight a somewhat disappointing result. The form, how- 
ever, of the law of condensation and re- evaporation as deduced 
from the experimenta, leads directly to a limiting vaJue of the 
cyclical condensation, and gives a result of atril in g simplicity, which 
is undoubtedly applicable to a large nnmber of important cases. 
If the conditions of external and internal heat loss are supposed 
to be such that the mean temperature of the clearance surface, on 
which the greater part of the initial condensation takes place, is 
reduced to the mean of the steam cycle, it is plain that the con- 
densation and evaporation areas on the cycle diagram will be 
equal. If the temperature of the clearance surface falls below this 
point, evaporation will be incomplete. Water will then accnmnlate 
in the cylinder until a balance is attained by the mechanical 
removal of the excess. It is obvious that all steam condensed oo 
the surface, and then mechanically rejected in the form of water, 
represents the communication of a quantity of heat to the walla, 
equivalent to the total heat of the steam condensed, and thus 
rejected, reckoned from the temperature at which the water is 
thrown off from the walls. The quantity of heat thus communi- 
cated per lb, of water rejected, may be between twenty and 
fifty times greater than that communicated by the condensation and 
subsequent re-evaporation of an equal quantity of steam. 

If the engine starts cold, and the surfaces are gradually heated 
by the action of the steam, it is clear, from the same considera- 
tions, that the rise of temperature up to this point, so long as 
water is being mechanically rejected, will he extremely rapid. 
The mean of the steam cycle is, therefore, on the provisional law, 
a natural minimum of temperature for the wall surface, corre- 
sponding to a maximum limit of condensation for any given cycle. 

In order to deduce the limiting value of the condensation par ' 
square foot per hour for any given cycle, it is simply necessary 
to draw the cycle diagram corresponding to the indicator-diagram, 
and to rule across it the line representing the time average of tha i 
steam temperature, as shown, for instance, in Fig. IS. The area ' 
above this line is the maximum condensation area corresponding 
to this particular cycle. The maximum value of the condensa- I 
tioD, measured in thermal units per hour, is forty-five times this J 
area measured in degrees F. and sixtieths of a cycle. A 
general rule, the condensation must be lees than this limit»,l 
because the temperature range of the surface of the metal, which 
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is far from negligible at low speeds, has the effect of diminiahing 
the condensation area, and also the available evaporation area 
to a nearly equal extent, although it does not materially affect 
the condition that the mean temperature of the wall Burface 
should be the same as that of the steam-cyole. 

If if is the mean temperature of condensation, and (" that of 
re-evaporation, and L', L", the corresponding heats of vaporization, 
L" — L' = 0'70 ((' — i"), approximately. The quantity of heat 
Q given up to the walla by condensation and re-evaporation 
per pound of steam, is given by the formula, Q = 0'30 ((' — ("}. 
If i" is the moan temperature of the walls, the quantity of heat 
given up to the walls by each pound of steam condensed at (' and 
rejected without re- evaporation, is L' + (' — i". If the range 
(' - (" is 50^ F., this quantity is more than fifty times as great as Q. 
The mean temperatures of condensation and evaporation, f and 
t", are found by a process analogous to that of finding the 
centres of gravity of the corresponding areas. Each temperature 
ia weighted in proportion to its difference from that of the 
wall surface, which determines the rate of condensation at each 

Iint of the oyole. Following the usual notation fur the centre 
gravity formula, 
,JS' ('-'•) 
2(1 -«-J 
here t, t°, are the temperatures of the steam and walls at any 
)int of the cycle. The quantity of heat given to the walla by 
the condensation and re-evaporation of dry steam, is given by the 
formula, Q = 0-30 ((' — ("), per pound. A more elaborate or appa- 
rently exact formula, is useless, because the value of the consiaut 
0*30 in this expression, being the value of the change in the total 
heat of steam per 1^, is one of the most uncertain elements in 
the whole theory of the steam-engine. According to the experi- 
ments of Eegnault and Griffiths, the mean value of this coDStant 
hetween 30° and 100° C. should he 0-40, but it appears not 
improbable that its value diminishes with rise of temperature. 

It has often been pointed out that, as a result of the compara- 
tively small rate of increase of the total heat of steam with 
rise of temperature, a relatively small loss of heat, or a slight 
change of conditions, is competent to account for a considerable 
change in the initial condensation. The balance is extremely 
delicate, ami is very easily turned. The further possibility, that 
there should be a limit of condensation, results from the form of 
tbe law of condensation, and could not have been foreseen so loiif 
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as the rate of condensation was regarded aa infinite. When this 
Huit ia reached, the conditions as regards increase of oondenaatioa 
are extremely stable. If the limiting range (' — /" is 60° F., 
which ia not uncommon in compound engines, a loss of 15 T.U. 
is sufGcient to account for eaoh pound of initial condensatioa 
and re-evaporation at this range. But if at this point the rate 
of loss of heat is suddenly doubled, the initial condensation will 
be increased by less than 2 per cent. If, on the other Land, the 
rate of loss of heat were reduced to one-quarter, the initial couden- 
sation and the range of temperature between condensation and 
re-eTaporation would each be reduced to one-half of their limiting 
Talnea. It is also interesting to observe that the form of the law 
of condensation would make the limiting value of the condensatioa 
in any cylinder depend chieQy on the temperature range in that 
cylinder. Of all the results which have been empirically 
established with regard to cylinder condensation, thia result has 
always been regarded as the moat certain. To express the result 
more accnrately, according to this law, the limiting valne of the 
condensation, when measured in ponnds per hour, should vary as 
the area included between the steam- temperature cycle curve and 
the line representing the mean temperature of the steam-cyole. 
The limiting value should also increase slightly with increase of 
speed, because the temperature range of the metal surface ia 
reduced, and the effective condensation area is thereby increased. 

CorreclionfoT the Metal Siir/aee Cycle. — It is clear that no simplo 
formula can be constructed to take account of all the possible 
■varieties of cycle. The correction is not large, and might be 
neglected if it were not that it varies with the speed and with the 
point of the cycle considered. In the majority of cases which 
occur in practice, the masimum point of the wall-surface tem- 
perature cycle is found to coincide very nearly with the point of 
cut-off, and the point at which the steam-cycle curve crosses the 
wall-surface curve is generally very near the point of release. 
Por these two points of the cycle, in the case of limiting condensa- 
tion, a sufficiently approiimate correction can be applied for the 
effects of variation of speed by the following simple method. 
The condensation area is measured from the line of mean wall- 
temperature, and up to the line of cut-off or release as required. 
The area so measured is then reduced In the proportion 



(1 + »/■) 



for the point of cut-off, and in the proportio 
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(S + J") •■ ■ "" '■■''■ " (3 + V») 

for release. The correction at the point of cut-off varies from 25 per 
: twentyt-five revolutioasper minute to 9 per cent, atfour 
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hundred revolutions per minute, if the steam-oycle remains the 
same. This formula assumes a oast-irou cylinder. The main 
effect of making the correction is to increase the value of the 
condensation constant from 0-61 T.U. to 0-74 T.U. per degree- 
second per square foot, as deduced from Table III. It also has 
the effect of making the obeervations agree rather better with the 
calculations at higher speeds, both in Tables, pp. 19 and 34. 

Effect of Initial Wetnesa of tho Steam. — In view of the observations 
on the effect of the condensation of wet steam, it is interesting to 
make an estimate of the possible increase of condensation thereby 
produced. It is, however, necessary to make a few aasuniptions, 
which are probably not in alt cases justifiable. 

Let X be the dryness fraction of the steam condensed at a 
tem[>erature t', and let it be assumed that the proportion of sus- 
pended moisture (I — ir) is all deposited on the walls together 
with the condensed steam. Let it be further assumed that the 
■whole of this water is re-evaporated non-eiplosively at an average 
temperature (". The mean temperature of the wall-surface, f, 
will be somewhere between these two extremes, and will be 
modified by conduction from the neighbouring parts of the 
cylinder. To simplify the conditions the point considered may 
be situated on the clearance surface near the middle of the cover, 
or the cylinder to be so large and thin that the eEFectof conduction 
may be neglected. The other losses may also be supposed negligible 
in comparison with that due to re -evaporation. 

If L' L" are the latent heats of vaporization at the temperatures 
C i", L" — L' = 0'70 (/' — ("), The heat supplied by condensation 
per pound of steam condensed is L'. The weight of water deposited 
by the condensation of 1 pound of steam is by hypothesis -, and 

o t". The 

heat abstracted by re -evaporation of this water is — . The balance 



written in the form -- — i -. Unless the 

temperature of the wall is maintained by external agency, it will 
therefore continue to fall until ((' — ("J= — *-— . .^. For instance, 

the effect of 5 per cent. wetnesB is to lower the wall temperature 
until the range l' — l" is 150° F. 
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Effect of Water in the Cylinder. — After the accumulation of water 
in the cylinder has commenced, it is not quite ao clear whether the 
effect of the water would be to increase or diminish the total con- 
densation. It appears probable there would not be a great change. 
In a working cylinder, the water could not accumulate to any 
considerable thickness, except in special pockets. If the water 
■were present in sufficient quantity to be thrown into spray, and ■ 
thoroughly mixed up with the steam, so as to eipose a large! 
auiface to its action, the water so broken up would almost certainly^ 
be carried out of the cylinder with the steam, in proportio 
minuteness of its subdivision. The film left on the surface wouUt 
therefore, probably be very thin, and would not seriously affed 
the result, either in the direction of increase or diminution. J 
To test this supposition, the law of condensation was applied to 
calculate the mean wall temperatures and the amounts of condensa- 
tion observed by Donkin in his " Revealer " experiments, in those 
cases in which water was probably present. The results thta 
calculated agreed with the observations within the limits of error 
of the measurements. 

Ca*e of Limiting Condensation. — It would appear from the abova^ 
considerations that the case of limiting condensation in whloh tl 
re-evaporation is incomplete requires to be treated eeparateln 
not only on account of its superior simplicity, bat also because tl 
possible variation of the condensation under these condition 
differs so greatly from the case in which re- evaporation is complete 
In order to test whether any given cylinder is actually ii 
condition, it is only necessary to insert a thetmometer in 
convenient hole in the metal of the clearance surface, and I 
compare the temjierature indicated with the mean of the s 
cycle. If the clearance surface is found to be at or near I 
critical temperature, the limiting value of the condensation has 
probably been reached, and can be approximately calculated by 
the above method. Next to the average indicator diagram of t" 
trial, the most important datum required for the application a 
the method is the extent of the clearance surface. In i 
where this is not known, and the diagrams are not given, 
only the initial and exhaust pressares, a rough estimate of t 
probable limiting condensation in lbs. per hour, double-actin 
may bo formed by multiplying the temperature range by foi 
times the area of the piston-face in square feet. 

The high-pressure cylinder in Table VII was jacketed win 
its own exhaust steam. This fact, however, would hardly 1 
enough to account for the missing quantity being nearly twice H 
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TAHLK VH. — TlLUBTBATIOH of LiHITIKH CoNIlEIfgATiaK 

Trial of " Ville de Donvrpa." ' 
Compound, 2,977 I.HP. ; Feed per hour, 61,800 Iba. ; 



Bovolatloas per in 



1. Cjlinder considered . 

2. Point of strolce 
S. Percentage of feed misBing . 



High 

i_ Presaura. 

Cut-off 



4. MiaaioK quantity Ibe. per bonr 

5. Mean of flt«am teoiperature cycle .... "" 

6. Range „ „ 

7. Bangs of pressure .... lbs. per aqnare inch 

8. Clearanoe surface ...... squaj^ feet 

9. Condensation area ° Beconda 

10. „ corrected for metal cycle , . , , 

11. Thermal units absorbed per squsje loot per minale . 

12. ClenraDce condensation lbs. per honr 

IS. Barrel smrace exposed square feet 

14. Mean condensatioa aioa, corrected 

15. Barrel condensation lbs. per hour 

16. Total „ , „ 

17. fiemainder to be accoanted for 



1,100 
6, SOU 
5,700 



PreMlttB, 

Belease. 

27-5 



2,500 
13,000 
4,000 



great as the condensation limit. Leakage of the high-preasnrB 
values or piston appears probable. The remainder, line 17, iu the 
case of the low-pressure cylinder, corresponds fairly well with 
the probable wetness of the steam due to adiabatio expansion com- 
bined with partial drying due to friction, re-evaporation and other 
causes. The examination of a nnmber of such cases leads to the 
following general conclusions. In the high-pressure cylinder, it ia 
not generally likely, owing to the probable dryness of the initial 
steam, and also to the greater probability of partially explosive 
evaporation, that the condeuBation should reach its limiting valne. 
Nevertheless, in the great majority of cases, the missing quantity 
at cut-off in the high-preasure cylinder is much greater, often 
many times greater, than can be accounted for on the supposition 
of limiting condensation, according to this method of analysis. To 
account for this, the condensation must either be proportional 
to the density of the steam, or the greater part of the missing 
quantity represents leakage. The former supposition conflicts 
with the Authors' eKperinienta and those of Donkin, but is in 
agreement with those of some other observers. The latter supposi- 
tion would generally require rates of valve and piston leakage 
similar to those observed, and would appear the most natural 
explanation in the light of tl: 



' Proceedings of the Institution of HccliaDical Engineers, 1892, p. 158. 
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In the low-presaure cylinder of an nnjacketed engine, the con- 
densation may frequently have its limiting value, owing to the 
initial wetness of the steam. It is also much more impoitant 
than the leakage for two reasoos. The condensation is greater, 
because the initial surface exposed is much larger. The leakage 
is less, because the difference of pressure on the valves and piston 
is much smaller. It is also evident that the perimeter of t 
ports and piston, opon which the leakage mainly depends, vari 
directly as the linear dimensions, whereas the surface exposed f 
condensation varies as the square of the diameter. 

Caee of Partial Condenealion or Complete Re-eimpoTafion. — It il 
evident, from the smallness of the results obtained in the amal 
single-acting engine at low speeds, and from many similar result! 
obtained by other observers, that, in the case of the simple engi 
when working at a moderate ratio of expansion, the initial o 
densation is often very far below its limiting value. Ke-6vapor» 
lion is probably complete on the clearance surfaces, either at 
release, or at a very early period in the exhatist, and the i 
are probably dry for moat of the return stroke. The case ol 
oomplete re -evaporation, or of partial condensation, as it may h 
called to distinguish it from the special case of limiting coi 
densation, does not admit of the same simplicity of treatment ai 
the limiting case. The temperature conditions are evidently fal 
less stable, and the amount of cyclical condensation, 'whitjl 
depends on the balance of heat loss and supply, is liable to I 
affected to a much greater extent by the variations of the ou^ 
ditions of running, and by differences of type and arrangement ii 
different engines. It would, therefore, be unsafe to attempt M 
apply the results deduced from any one engine, under special 
conditions, to any other engine. At the same time it is possible 
that some light may be thrown on a very complicated problen 
by the careful consideration of the results observed in a particnlal 
case. The amount of cyclical condeasatiou would appear not to b 
greatly affected by a moderate variation of speed. Some increaa 
is to be expected, both on account of the diminished range of th 
metal cycle and also oa account of the greater convective action 
of the Bshaust steam; but the former cause partly tends \ 
compensate itself by producing a higher wall-temperature, an( 
the latter depends so much on the initial pressure and on oth^ 
conditions that it cannot be satisfactorily represented by | 
formula. 

Effect of VaTijing the Conditions of BitBuiny.— Assuming a 
approximation that the cyclical condensation is independent of tl 
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speed, it may most conveniently be expressed either id thermal 
units per minute or in pounds of water per hour. 

(a) Varialion of Ciit-off.^-FTom observations made at one-half, 
one-third, and one-fifth cut-off, it is inferred that, when the engine 
IB working single-acting, non-condeiiBing, the cyalical eondenBation 
measured per minute at cut-off is to a first approsimation indepen- 
dent of the ratio of expansion. If the condensation is measured 
as a percentage of the indicated steam at cut-off (excluding 
cushion steam), this result is equivalent to the statement that the 
percentage condensed increases nearly in direct proportion to the 
ratio of expansion, defined as being the ratio of the volume 
occupied by the feed steam at cut-off to the volume of the cylin- 
der. It is not convenient to measure the condensation as a 
percentage, either of the whole cylinder contents or of the whole 
cylinder feed, because these involve cushion steam and leakage. 
In a double-acting engine, the condensation on the barrel surface 
is necessarily less, and the temperature of the clearance surfaces 
higher and less variable. The change of each term would 
therefore be less, and it would seem probable that a similar 
compensation would occur, leaving the condensation at cut-oif 
unaltered by change in the ratio of expansion. The formula 
is very attractive on account of its simplicity, which is the first 
desideratum in a formula of this kind intended to cover roughly 
a variety of conditions. Its applicability to the case of the double- 
acting engine is not to be suggested were it not that it appears to 
represent very fairly many of the moat reliable results. In a large 
class of eogine trials, the effect of varying the ratio of expansion r, 
on the observed percentage z of the cylinder feed condensed at 
cutKiff, is closely represented by the semi-empirical formula of 
Thurston, z = a ^ r, where a is a constant depending on the other 
conditions. The numerical value of a for the engine would be 15. 

According to the Authors' formula z = --— — — , where c has the 

numerical value 10 in the present ease. It is remarkable that 
these two formulas, which are at first sight bo totally dissimilar, 
should give results not differing by more than 2*5 per cent. 
throughout the whole range, from three to twenty expansions, 
From three to one expansions, the Authors' formula would appear 
to he preferable, as that of Thurston generally gives results which 
are too high as compared with experiment. 

Q>) Doublc' vergug Single- Acting. — It is possible to draw general 
conolnsions from a consideration of the effect on the distribu- 
tion of temperature. In a double-acting trial there wouM be 
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practically no effect of convection of heat by the pieton. 
gradient of longitudinal conduction would be halved at an e 
cTit-off, and would practically disappear at a late cnt-ofiF. 
effect would be to raise the temperature of the barrel portio 
the admiseion surface very materially. The condensation on 
piston would also be rednced, probably to less than one-half 
Against these reductioofl the effect of the piaton-rod at the crank 
end, and of conduction of heat to the framework of the enginft 
are to be set, which would tend to lower the temperature at tha 
end as compared with the back end of the cylinder. It is evidenfc 
that the condensation reckoned as a percentage of the stear 
would be considerably reduced. For the engine under review, 1" 
reduction ia estimated at 30 per cent. ; that is to say, the total 
condensation per minute, instead of being doubled, would 1 
increased by about 40 per cent, as an outside estimate. In th( 
case of large engines, the effect of conduction being negligible, tl 
percentage saving by double action would be less. 

(c) Variation of Iitifial PreMure. — The initial pressare vraa n 
Efufficiently varied to give any direct information on this poin^ 
but experiments show indirectly that the effect ia much i 
complicated than might be supposed. The external loss of '. 
from the cyliniler would be increased nearly in proportion to th( 
increase in the difference of teraperatare from the anrronndin^ 
The internal loss by re-evaporation and by the exhaust steam 
might be modified in a very different way. The esperim 
■would appear to indicate, as has been suggested by Kirsch, thi 
re- evaporation from the more highly-heated portions of the v 
is of an explosive character; that is to say, that a portion 
the water-film is blown off the walls without abstracting a full 
equivalent of its latent heat of vaporization. Condensing i 
atmospheric pressure with an initial steam temperature of 330° I 
to 325° P., the temperature of the cover was over 300° F., and tl 
platinum thermometer in the cover appeared to show that r 
evaporation was complete almost as soon as the indicated tempera 
ture fell below this point. This observation at once t 
the partially explosive character of the evaporation as a poBBibb 
explanation of the high temperature attained by the cover. TIu 
same explanation probably applies to a less extent to the hotta 
parts of the barrel surface, which appeared to have been gaining 
much more heat by condensation than they were losing 1 
re- evaporation. On the cooler parts the balance of heat supplied 
would be simply that line to the smalt difference in total hei 
between the steam condensed at a higher and evaporated at I 
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lower temporatnre. At one-fifth cut-off the evaporation apparently 
ceased to bo explosive at a temperature between 270" P. and 
260° r. The ateepneaa of the temperature gradient along the sides 
of the cylinder cannot otherwise be satisfactorily acoounted for. 
If the possibility of explosive evaporation at higher temperatures 
is admitted, depending partly on the diminished surface tension of 
the water and partly on the greater deusii'y of the steam, it ia 
clear that the condensation may not necessarily Increase con- 
tinuously with increase of initial pressure. This result was 
arrived at independently of Kirsch, from the evidence of the 
observations. Kirsch makes the suggestion, not from direct 
experiment, but as a possible explanation of the smallness of the 
condensation observed in practice as compared with that which 
would theoretically be required, supposing that the surface of the 
walls were raised to the temperature of the steam, on the usual 
assumption that the rate of condensation of steam is practically 
infinite. Without further evidence, it would not be fair to con- 
clude that re-evaporation at higher temperatures is always of this 
character. The conditions of the hole in the cover are not quite 
the same as those of the plane surface; but the observations 
suggest a possibility which obviously requires consideration. On 
one occasion a curious effect was accidentally obtained as an illua- 
tration of the possible consequences of explosive re-evaporation. 
When the electric-lighting engine was unexpectedly shut off, the 
boiler-pressure rapidly rose nearly 10 lbs. above the nsual limit. 
This produced a rise of temperature of 6° F. at the back end of the 
cylinder, but the temperature at the middle of the cylinder rose 
more than 16° F., from 264° F. to nearly 280° F. The other con- 
ditions of running were unchanged with the exception of a slight 
increase of speed. As a general rule the changes of temperature at 
this point of the aide were less than those at the back end of the 
cylinder. It is difficult to account for this abnormal rise of tem- 
perature, except by supposing that the re-evaporation at this point 
ceased to he normal, and became partially explosive. It will be 
observed that the change of temperature took place at that part 
of the scale which for other reasons appears to be the critical 
point in a non -condensing engine, 

(d) Variation of Wttnen.- — It has long been recognized that the 
presence of water in the cylinder or of priming in the steam, must 
have the effect of increasing condensation. In a small single- 
acting engine, at low speeds, and without special precautions as to 
lagging the cylinder or drying the steam, practically conclusive 
ifvidence was obtained that the action of the metal alone was 
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oompetent to produce the observed eFFects. At the same time an 
illustration wae famished of the abatraotioa of heat by the ooo- 
denaation. and re-evaporation of wet steam, which shows that 
initial wetneea of the steam is probably one of the most power- 
ful factors in inoreasing cylinder condensation.. Provided that 
the initial wetness is small, and that the lowering of the wall- 
temperature produced by it is not sofBcJent to greatly change 
the other oonditions upon which the balance of heat depends, 
it ia possible to represent the eOfect in a simple manner by 
combining the formula already given with the law of condensa- 
tion. If C — C be the mean difference of temperature between the 
steam and the walls during condensation when the steam is dry, 
the balance of heat supplied by condensation and evaporation is 
approximately 0*60 (i' — 1°) W per hour, where W is the weigh* 
condensed. For a small lowering of wall- temperature, the balanc 
of heat required would not be greatly reduced, and the condensft** 
tion would be increased nearly in the same proportion as tha 
difference of temperature (' — 1°, Upon these assumptions, jt is 
found that, for initial steam of a percentage dryness 100 a:, the 
initial condensation, as compared with that due to dry steam, ia 

increased by a percentage given by the formula .J; -^ 

1 ■ i (f — r) 

If the temperature difference for dry steam is 30 F°. and L = 900 
the effect of 1 per cent, of wetness would be to increase the initia 
condensation by 25 per cent. In the majority of partial condenn 
tion cycles, the errors involved in the above assumptiouB are o 
such a nature as to make this formula hold through a somewha 
wider range than would otherwise be the case, bnt it cannot h 
trusted beyond 60 per cent, increase, and should be regarded, ii 
any case, as showing rather the general nature of the effect than it 
absolute magnitude. 

(e) Variation of Back Fresgttre. — For a given initial i 
the wetness of the exhaust steam, due to adiabatic expansion, wil 
depend on the back pressure. The cooling of the internal surfaoe 
during exhaust, apart from re- evaporation, will depend on & 
wetness of the exhaust steam quite as muoh as on its temperature 
Prom the reports of trials in which the jacketed surfaces 
cylinders, valve-chests, and receivers are given, it is possible t 
estimate that the rate of abstraction of heat by wet steam ii 
motion under such conditions does not probably ever exceed i 
T.U. per square foot per minute per 1° T. difference of tempo 
ature, and may be very considerably less. If the wetness pi 
cubic foot, and not per pound, of the steam, is considered, it won] 
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appear probable tbat the cooling effect of the exhaust steam in a 
corniensing engine may often be actnally lesa than in a non-oon- 
denaing, but that on the average there is no decided difference. 

(/) Effect of GompresBion. — If there were no interchange of 
heat between the walla and the Bteani, compreeaion to the initial 
pressare would restore the cushion eteam to its initial state. 
The volume at compresHion in the present case was one-third 
of the volume of the cylinder and clearance, and probably in- 
cluded at least two-thirds of the heat abstraeted by the exhaust 
steam. This would explain the very considerable superheating 
of the steim obaerved during compression close to the walls. 
The effect of an early compression may thus be regarded aa 
equivalent to a considerable redncUon of the loss of heat due to 
the exhaust steam, which is probably, next to initial wetness, the 
most potent fector in abstracting heat from the walls. The 
.effect of an early release is probably similar to that of an 
early compression in reducing condensation, though it acts in a 
different way. Id the case of partial condensation an early release 
allows less time for the condensation of wet steam on the colder 
parts of the walls towards the end of the stroke, and more time 
for the walla to dry before the return stroke of the piston, a 
condition probably unfavourable to piston leakage. It is possible 
that an early releaae may diminish the condensation and the 
exhaust waste sufficiently to more than compensate for the loss of 
area on the indicator diagram. In the cases of limiting con- 
densation, on the contrary, the effect of an early release may be 
to increase the condensation, and to lower the temperature of the 
walls by increasing the available evaporation and oondensatioa 
areas. 

Effect of Superheating. — It would appear improbable that super- 
heated steam can supply much heat to walls which are below the 
saturation temperature, except in so far as it condenses on the 
walla. Since the superheat is a very small proportion of the total 
heat, it may bo naturally supposed that the rate of condensation 
of superheated steam is not very different from that of saturated 
steam. If the superheat be s°, and the saturation temperature of 
the steam (', the quantity of heat supplied to the walla by the eon- 
deosation and re-evaporation of a weight, W, of superheated steam 
will be Q = 0'60 (C — i°)-f-0'5 « per pound, where T is the mean 
wall- temperature, and the specific heat of steam is taken as 0*5 ». 
The law of condensation, making the same asaumptiona as in 
the cose of initial wetness, leads to a similar formula for the 
KLnotion of the initial condensation by a small degree of super- 
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heating. If (C — t") representa, aa before, the difFerenoe of 
temperature between the eteam and the wall-surfaoe when the 
engine is using saturated steam with the same cycle, the per- 
centage reduction of the initial condensation, eSected by the 
use of slightly superheated st«am, is given by the expressioil 

^ . . -5-. This formula may be taken aa holding approxi- 
mately for the clearance surface, provided that a is not greater 
than ^ (f — 1°)- The reduction of condensation in the case ia 
which a - t — t° amounts to about 33 per cent, instead of 41 par 
cent, as given by the above formula. The difference of tempera* 
tnre between the steam and the dearance surface is dimmisbed 
approximately in the same proportion. 

Besides diminishing the initial condensation by raising th« 
temperature of the wall-aurface, the nse of superheated steam 
diminishes the wetness during expansion, and therefore consider 
ably reduces the exhaust waste and the abstraction of heat by tT 
condensation of wet steam towards the end of the stroke. It il 
also probable that it may tend to diminish leakage. 

Effect of Jacketing. — The effect of jacketing a cylinder ii 
steam at boiler-pressure, is to raise the temperature of the jacketed 
walls very nearly to that of the boiler if the jackets are workiu 
properly. According to the law here proposed, the condensatioi 
on the jacketed surfaces would be practically negligible, anj 
the clearance surfaces are by far the most important. la lai^ 
engines it would consequently be of little use to jacket the sidei 
but in small engines the clearance surfaces would also be heate 
by conduction so as to he practically jacketed. It is not improbald 
that a part of the economy due to jacketing, especially in 
engines, is owing to the reduction of leakage. The valves aa 
valve-seats become so heated by conduction that the possiU 
water-leakage is minimised. From the same point of view, ti 
drying of the steam in jacketed receivers must have a benefioij 
tendency, as there is then less water available to cool the valw 
surfaces hy re-evaporation in the exhaust. 

Varialion of Size and Surface. — The effect of variation of s 
exposed, and particularly of the extent of the clearance surfaiO 
is probably different according els the condensation is of the partii 
or limiting type. If the main factor in the abstraction of 1: 
from the clearance surface is the condensation of wet initial s 
as is probably the case when the condensation has its limitin 
value, the amount of heat abstracted and the initial eondensatio 
will vary simply as the surface exposed. In this case it i 
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primary importance to know the full extent of the clearance surface 
on which the greater part of the condensation takes place. In 
order to reduce the loss as far as possihie, the extent of the 
clearance surface afaould be rednced to a minimum. If, on the 
other hand, the initial steam is dry, and the condensation is of 
the partial type, the extent of the clearance surface is a matter of 
much lees consequence, because increase of surface has the effect 
of raising the temperature. It is probably beat, in the case of 
partial condensation, to neglect differences of clearance surface 
in comparing different engines, and to take the clearance surface 
at each end of the cylinder as being ir d\ where d is the diameter. 
The actual clearanoe surface cannot be more than 50 per cent, less 
than this, and is seldom more than 50 per cent, greater. For all 
practical purposes the equivalent clearance surface forms a sufS- 
cieat basis of comparison. But the barrel surface exposed up to 
cut-off, allowing for the time of exposure, may be very simply 
represented, if desired, by the addition of the term Ide, where c 
is the out-off fraction, and I the stroke. The state of the surfiicea 
is not important if the rate of condensation of steam is regarded 
as the main factor in limiting the amount of heat absorbed. 
The presence of a thin film of grease or rust may make the 
cycles observed at a given depth in the metal of smaller range, 
but will not really make much difference in the amount of con- 
densation, unless the 01m is so thick and obstructive as to greatly 
increase the surface range of temperature, which is probably 
seldom the case. 

Effect of Conduction. — In two similar cylinders of difierent linear 
dimensions, but with the same distribution of temperature, the loss 
of heat from the admission surface by conduction, will be pro- 
portional to the thickness of the metal. The initial loss due to 
conduction, reckoned as a percentage of the steam, for cylinders of 
the same thickness, will vary inversely as the cube of the linear 
dimensions. It is necessary to exercise caution in applying the 
results deduced from small engines to large. In order to estimate 
the probable effect of conduction, the temperatures have been 
compared with those obtained by Donkin with a cylinder 6 inches 
in diameter, and 8 inches stroke. The Authors conclude that the 
effects of conduction in their engine are not to be neglected as 
compared with larger machines, but probably do not amount to 
more than five or ten per cent., and are not such as to seriously 
vitiate the general nature of their conclusions. In cylinders of 
different shapes, under similar conditions of running, the loss 
[.''due to conduction at cut-off reckoned as a percentage of the iu- 
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dioated steam, would vary as -jy^, whore ( ia the thickness of tl 

metal, d the diameter, and I the length of the cylinder. Fi 
inBtaoce, the effect of couductioa in the cylinder above mentioned) 
would be nearly five times as great as in that of the Robb e 

Formulx of Condemation ami Leakage. — From the foregoing oo 
eiderations it will be evident that, when the required data a 
available, or when it is possible to observe the temperature distn< 
bution, no formula can be regarded as being at all satisfactory. It 
ia, nevertheless, convenient to have a simple approximate formulft 
for the purpose of making rough estimates and comparisons, and 
also as exhibiting the results of the iavestigatton in a brief a 
oomjmot form. In the cose of limiting condensation, when neither 
the cards nor the extent of the clearance surface are given, tl 
limiting value of the condensation W at cut-off, expressed J 
pounds per hour, may be estimated from the formula, 

W = >r d» ((' - r), 

where d Is measured in feet and ( in degrees Pahr. This for 
mula assumes that the clearance surface is n- d\ but makes s 
allowance of 20 per cent, for the barrel surface. It also e 
that the cut-off is at or near mid-etroke, and that the drop a 
pressure during admiBsiou is small. The factor ((" — i") i 
supposed to represent the total range of the steam. The latent 
heat of the steam is taken as 900. The result, thus estimated, 
may be corrected by substituting the proper value of the latent h 

, (1 + » 
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to allow for the effect of the probable range of the metal cycle. 

The case of partial condensation may be roughly represented 1 
the formula, 

w = c X s = s (/' - n. 

where C is the condensation in pounds per hour at cut-off p 
square foot of total equivalent clearance surface S of the cylinde 
supposed unjacketed. The condensation factor is a function a 
the initial and exhaust temperatures and of the external i 
ditious, but may be taken as being approximately independent o 
the speed and the ratio of expansion. Apart from superheatiiq 
or jacketing, the value of C is probably most affected by tl 
degree of compression. The condensation factor C may also 1 
interpreted as the mean difference of temperature (1' — C), betweei 
the walls and the admission steam, reduced to one-half cut-oS 
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The effect of size and surface, and of double or single action, may be 
supposed included in the eipreaaion for the surface 8. This factor 
should be taken as 2 x d^ double-acting, and as wd' single-acting. 

The effect of jacketing in large engines may be represented by 
simply omitting the jacketed area from the factor S ; but the effect 
of conduction in small engines cannot be satisfactorily included in 
the formula. If W is the weight of feed in pounds per hour, 
accounted for by the indicator at cnt-off, and W° the total missing 
quantity per hoar, W -I- \V° represents the total cylinder feed. If 
the condensation W can be estimated, either by a formula or by 
observing the temperature distribution, the remainder W — W, 
w-hioh may conveniently be represented by the symbol W", may be 
most probably attributed to leakage. According to the Authors' 
experiments, the main part of the leakage at any point of the 
stroke may be represented by the formula, 
W' = L(p'~p"), 
where (p' — p") represents the difference of pressure between the 
Talve-cbest and the exhaust. If the factor L cannot be measured, 
it may be estimated by the method of p. 33, from the mean over- 
lap and the perimeter of the ports. Since the area of the stoam- 
ports is generally designed to vary as d' N, where N is the 
piston speed, L may be taken as being proportional to d v'N in 
similar engines. 

Elustrationg of Partial Condensation. — As a teat of the validity of 
the method of reducing to the equivalent clearance surface in 
the case of partial condensation, and as showing the relative un- 
importance of the barrel surface, the following cases are cited, 
having been selected by Cotterill {loc. cil., p. 334) for a. similar 
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. (L) 5-5 j 2-67 BO'3 0-26 
. CM) 5-5 i, 2'67 BO-3 0'26 



1,200 



I 0-20 I 47 I l,i60 



Hirnantl (2) 6-5 2-0 30-5 I 0-26 
HftUautir (5) I 6'5 2-0 ' 30-0 0'16 
(HH.). . re) , 6-5 2-0 ! 30-* 0-16 
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purpoao. There is coosideraliile range of speed and of relation d 
stroke to diameter, but the conditions of pressure are fairly 
comparable, aod the leakage similar, and probably small as conn 
pared with the oondensation. The engines are also snffioient^ 
large to make the effect of oondiiction practically negligible. 

Iq the trial Mair (L),' the sides and base of the cylinder werft 
jacketed, which would have the effect of reducing the nnjacketed' 
clearance surface by about one-third. The condensation coastant* 
giren by Cotterill for these three cases are. (M) 6-3, (D) 7-% 
(HH) 3-4. TIjis wide range of valoes is probably to be explained 
by his taking the condensation as proportional to the barrel biipi 
face. The agreement of tlie values of C in Table IX ia as cloBe 
as can be expected, and may be taken as showing that, in tli« 
ease of partial condensation, the equivalent clearance surface J& 
the better basis of comparison. 

TABLB is.— NOM-C<lNDENnMU Thialb. 


AolhoriMo. 

IDd 


1 


t- ^ 


i 


3 

|5 


1 


Mining 
Lb-, pel 


1 

% 

24 

35 
24 
19 


VaOoa. ^H 




H 

11 


1 


C and N (4-6) . 


Feel. roet.| 1 
1-0 0'88 74 0'20 


93 0-2B 


43 


■ C,E.1893,p, 174 . 


0-5 1-17 110 0-44 
0'5| 1-17' 201 0-44 
0-5 ia7 108 0-H 


44 
44 
43 


36° 
33= 

25° 


S7 
93 

137 


4-6 
4-6 

4-6 




■Willma . . . 

CoDiponDdg:^- ■ 
Loccil. . . . 


0-5 0'S3 122 0'60 
0-5 0'83 211' 0'60 
0-5 0'B3 401 0-60 


I 

80 


17" 
13= 

—5° 


55 
54 


20 
13 
5 


2-4 
2-4 
2-4 


1-8 
1-8 
1-8 




Gately and . (16) 

KletzBch . (17) 

_ (TharBton) . (18) 


3 5 1-5 ' 68 41 
3-5 1-5 ' 63 0-42 
3-5 1-5 69 0-40 


65 , 
50 ? 

40 1 


390 
800 
372 


11 

24 
16 


186 
18-5 
18S 


? 




■ Col. EvuMeh . . 

■ Mech. Eqj^., 1S87 . 

■ PI. SO, Fig. 5 . 


1 1 
1-5 1-33 40, 0-30 


84 0-00 


470 


4S 


»■ 


? 




B J. W. Hill, 1 B.C- 
H p. 2(15j. 1 Wbk. 


4-0 1-5 75 016 09 008 
4 15 76 014100 , 0-13 
4'0, 1-5 1 76 0-171 91 , 0-08 

1 1 1 1 1 


1,040 
1,100 
1,124 


29 
84 
32 
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Table IS illustratea the fact that the resulta obtained by 
the thermoelectric method, even whea reduced to the equivalent 
clearance surface, are smaller than any aimilar results, except 
perhaps a few of Willans'. The effect of an early compression is 
also well marked. In the last three oases the steam is recorded as 
having been occasionally 5 per cent, wet, and the condensation 
was probably limiting. 

Estimation of Leakage. — In the case of partial oondenaation, it is 
evident that the result may be so profoundly affected by differences 
of wetness or of compression, that it would not be justifiable to 
take the small result found in the case of the Authors' engine, 
and to assume that the larger results shown by other engines were 
to be entirely attributed to leakage. With the Robb engine, 
running double-acting nnder the same conditions, making allow- 
ance for piston convection, etc., the condensation factor ought not 
to exceed 13 lbs. or 14 lbs. per square foot of equivalent clearance 
surface per hour. This result is much smaller than that shown 
by any of the double-acting cases cited. Although this value of 
the condensation factor cannot be directly applied to the estimation 
of leakage in other engines, the formula may be of use in com- 
paring different trials of the same engine, or similar trials of 
different engines, under strictly oomparahle conditions. In the 
case of limiting condensation, if the clearance surface and the 
steam cycle are known, a definite limit to the condensation is 
at once afforded. Any excess may be reasonably attributed to 
leakage. Unless the steam is known to be wet, the temperature 
of the walls should be observed, because it cannot otherwise be 
certain that the condensation is really limi ting. If it happens to 
be partial the leakage will be under-estimated. If C = 20 is 
taken as being a probable average value of the condensation factor 
in the case of simple engines, the total loss would be given by a 
formula of the type 

10 

which would make the leakage relatively more important in small 

engines and at high piston speeds and pressures. 

Prof. C. A. Smith, using a formula of the type W° = C'd ((' — t") 
to represent the total losses in simple unjacketed engines, measured 
in lbs. per hour per degree of steam range and per foot of piston 
diameter, finds values of C which vary between 1'85 and 4'72. 
The same series of trials may be represented on the Authors' 
innula by values of from 15 to 25, and values of the leakage 
istant from 5 to 10. This doea not a'^^eax to \i»i ^\i\fl:M*si^ 
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rajige of variation, but anless the oondensatioD is often limiting 
in simple engineB, the leakage must frequently be the greater. 

The data required for the exact application of the proposed 
method of eBtimatJng leakage are not generally available in any 
extant trials ; but to exemplify the general ooncluaions to be derived 
from the analyBis, the triple- expansion trials of the experimental 
engines at Owens College, described by Osborne Keyaolds,' mayba 
selected, not only on account of the unimpeachable accuracy of the 
observations, but also because these eoginea would appear to have 
achieved some of the best performances on record for engines of eo 
small a size. If it can be shown that, even in these engines, in spite 
of their record performance, a large part of the missing quantity 
is probably to be credited to leakage, it follows, a forliori, that a 
similar cauee may be suspected in more ordinary cases. The89 
trials possess the further advantage of an unusually complete and 
unreserved record of all the leakage tests which were applied, and.' 
of the various minor leakages which were discovered and rectified , 
from time to time. 

The trials 41, 35, and 40, in which the receivers were jooketel. 
but not the cylinders, will be taken as an illustration. The e" 
■was probably to dry the steam completely at the low speed fot 
the low-preasnre cylinders, but less completely at the higher 
speeds. The following are the data for feed and receiver-jack^ 
condensation in the three trials ; — 

CiLiNnEit Jaoketh Empty. Recefveii Jackets at Boiieb PrbSsiibb. 



Trial nambei' 

Boiler prceaurD, absolute 

Feed per hour (hot well) . . , 

Jackot condeosBtion, Ihs, per honr . 



The following are the data for the three separate engines :- 



Trial n 



obtr. 



Ebtb. per minnte, n . 
Presaiire range, p' — p" 
Tem perature range, i ' — f 1 
deKreeB/ 
Misaicg quantity, i° 

percent.); 
MiBBing quantity, uP \ 
IbB. per faonrj. 
CoDdenestiou limit . . 



137 132 123 



185 200 232 






* .Mjootesof PracMdingt I&at. C.E.,toL i 



diDgB.] LAW OP OOSBBNSATIOS OF STKAU. 57 

The condensation limit given in the lost line, in default of the 
cards, and of the actual area of the clearance surface, is estimated 
by the method explained. No allowance is made for the variation 
in the ratio of expansion, hut since the three engines were similar, 
the values estimated may probably ba taken as showing the relative 
order of maguitade of the condensation -limit to be exjiected in the 
three cylinders. Taking engine No. Ill, it wonld appear probable 
that at the lowest speed the steam was practioally dry, and 
the condensation consequently partial. At the higher speeds, the 
drying in the receivers was probably insufficient, and the con- 
densation had nearly, if not quite, reached its limit. In the case 
of engine Xo. I, the condensation-limit is obviously insufB.cient to 
explain the missing quantity. It is likely that both the condensa- 
tion and the leakage increased slightly with increase of speed, but 
the leak appears to have been much more important than the 
condensation. The rate of leak required would have been between 
1 ■ lb. and 1 ■ 5 lb. per pound pressure per hour. A leak, roughly 
estiaiated at 30 lbs. per hour, was observed on one occasion with 
this valve standing. The rate of leak required for the valve when 
running would appear not unlikely, considering the type of the 
valve, and that it was specially designed for a high speed. Part 
of the leak may have been due to the piston and to the cut-off 
valve, but the pistons appear from other evidence to have been 
fairly tight. The valve was probably mainly responsible. In the 
case of engine No. II, the same observations are applicable. The 
rate of leak required would have been between 3 lbs. and 4 lbs. 
This would appear somewhat esoessive, but it is recorded that 
leakage of the cnt-off valve was inferred from the cards in this 
engine, and was rectified at a subsequent date. It is evident that 
a leak of the kind described as having been discovered in this valve 
might be expected to increase considerably with the speed, as the 
aniount of leak would depend on the inertia. The rate of leak in 
engine No. Ill may have been upwards of 2 lbs., but is evidently 
much less important than the condensation, owing to the smaller 
pressure difference on the valve. If the leakage therefore ia 
rejected, the rate of condensation of steam must increase rapidly 
■with the density. Setting aside the experiments described in the 
present Paper, this would appear a perfectly tenable hypothesis. 
Unless, however, the surface of the cylinder has been under- 
estimated, the metal in engine No. I seems hardly capable of 
accoanting for the whole missing quantity at the lower speed, 
even if the temperature range of the surface of the metal were 
the same as (hat of the steam ; at least, on any reasonable theory 
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of oondensation. The inferences drawn from the above case may- 
lie taken as typical of a, great number of other oases which might 
be given. 

Direct osperiments by Colonel English' on initial condensatiott' 
with a portable engine appeared to show a rate of condensation 
varying roughly as the density of the steam. The method 
employed was similar to that used by the Authors for measuring 
the eshauBt leak, except that steam was admitted at each revela- 
tion to the clearance apace at the back end of the oylinder, and 
that the aides of the cylinder were jacketed. The speed and 
pressure were considerably varied, but it was assumed in red 
the observations that the condensation per hour varied as the 
square root of the speed. The effect observed when measnted 
per hour appears to be much mora nearly independent of the speed. 
It also appears to be nearly a linear function of the pressure. 
difTerence, At a mean density of 0'15 the results observed by; 
Colonel English would correspond to the condensation of about 
40 lbs. per square foot per hour, which is nearly four times the value 
found by the Authors at a higher density in an nnjacketed cylinder. 
TheSe results may be more naturally explained by supposing i 
comparatively moderate condensation varying as the temperature 
difference, combined with a mnch larger leakage varying as the 
pressure difference. The rate of leak thus required would be abont 
1 ■ 5 lb. per pound pressure per hour in the non-condenaing espeii- 
ments, and a slightly smaller rate in the condensing experimei 
It may be observed that this rate of leak is the same as that found 
in one of the Authors' valves, which was proved to be absolutely 
steam-tight when stationary. It does not imply that the valve 
was in bad condition, or that the engine was at fault in any way. 

Efcpressifm in Terms of the Steam and Feed, — It is frequently 
convenient to express the condensation and leakage in terms of 
the indicated feed and also of the total feed. The percentages of 
indicated feed being designated by y, and the percentages of totaK 
feed by z, the following notation is afforded : — 



100 W° 



- (W=+W)' 



100 W" 




■- >/+ f. 



100 W" ^_ , „ 

(W+W)' * - * + * ■ 

/ o^ f_ 

'(100 + ^7 ^ (100- 



' ProcGudiagB of the InBtitutiua uf UeubuDtcHl Engine 
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If T ifl the piston displacement per roToIntion, n the revolntiona 
per minnte, to the density of the steam at cat-off in lbs. per cnbio 
foot, and r the ratio of the volume of the feed steam at cat-off to 
the piston displaoement, the formola for the indicated feed in Ibe. 

per hoar is W = ^^-^^. Also W'= C3 = ■^, W" = L(y-p"). 

Bo that, y'= g^^y^ . y"= eo w V w P diaplace- 

inent V is to be taken as — . — single-aoting, and as ~^ doutle- 

' noting. The value of the ratio ^ is therefore j either single- 
Acting or doable-acting. 

If the rate of leakage L is taken as proportional to the prodnct 

of the diameter of the cylinder and the square root of the normal 

piston speed N, L — L' d ^ K, where L' may l>e called the leakage 

^^Lvonstanl, and has values which probably vary between 0-20 and 

^^■0*05 in engines of different types. 

^^M The formula for the leak percentage y" may then be written in 

^V "the simpler form, y" = j—r^, where L"iB a new constant, which is 

^P practically proportional to L' in all cases which occur in practice 
of engines running at their normal piston speed. This shows 
that the effect of leakage on the performance of different engines 
may be expected to diminish in proportion as the diameter and 
the square root of the piston speed are increased. If, however, 
an engine running at its normal speed is being compared with the 

2dn/ '' 
shows that the effect of leakage on the performance will increase 
in direct proportion as the speed is diminished. 
The forranla for the condensation percentage / may similarly 

be written, y' = =^^ — , where C = ■ , and N is the piston speed, 

noTm&I or otherwise. Comparing this formula with the leakage 
formula, the effect of condensation on the performance is not 
diminished by increase of diameter, but is mtich more affected by 
increase of piston speed ; it is also considerably diminished by 
increase of initial pressure, which is not the case with leakage. 
The formula for the total percentage loss due to both causes is — 
„ , ^ „ C r L" r 



60 



CALLENDAH AKD NIOOLBON OH 1 



[Minntes ( 



It is interesting to compare this formula with that of Cott«rilI, 
y" = — n-7— ' which is intended to represent the resnlts of 

experiment on the assumption of negligible leakage. 

As an illualTation of the nature of the coDseqnenceB iavolved i. 
the assamptioD that the rate of condensation of steam varies aa the 
density, the triple expansion trials already cited may be taten. 
From Cotterill's formula the valnea of the condeoeatioo constant 
C" for the three engines at the lowest speeds, are:^ — No. I, 3'4; 
Ko. II, 5-0; No. Ill, 11-0. As the steam was probably fairly 
dried by the reoeivers at this speed, it is difficnlt to see why the 
value of the condensation constant sbould be so very different 
for three engines of a similar type and speed, unless the rate of 
condensation of steam does not vary as the initial density. 

Summary of ConclumouB. — The observed wall-temperature cyclM 
show that the range of surface temperature, and the interchanga 
of heat between the walls and the steam, is determined chiefly 
by the temperature of the walla in each case, and by the finite 
rate of condensation of steam. For this finite rate of cond 
tion, the value 0'74 B.T.U. per equare foot per second per 1° F. 
difierence of temperature, at 300° F., is obtaioed, a result approxi- 
mately equivalent to 2 ■ 7 lbs. of steam condensed per square foot per 
degree per hour. 

The form of the wall-cycles, and other evidence show that the 
law of re- evaporation is the same as that of condensation, and that 
both are probably independent of the pressure. The amount of 
condensation in any cylinder can, therefore, be deduced by tli«i 
observation of the distribution of wall-temperature while the 
engine is running. 

From the form of the law of condensation there appears to \Mi 
for any cycle a limit of condensation when the temperature of the 
walls is the time average of the steam temperature-cycle. Under 
this condition of " limiting " condensation, the re-evaporation 
is incomplete, and the temperature of the cylinder is maintained 
by the mechanical rejection of condensed water, so that it cannot 
fall much below this point. 

The condensation observed was far below this limiting valn^ 
and the initial steam was probably uniformly dry. But a marke4 
effect due to the condensation of wet steam was observed, whioh: 
leads to the inference that, owing to the abstraction of heat by the 
subsequent re-evaporation of the deposited wetness, the condensft* 
tion must always be limiting in cases where the initial wetness o 
the steam is considerable. 






Tli0 ewe of '^ psnaL** w j i i i xim p I tm imiriiZAC muzenauiiiiu bs 
probably man camminL in smnie ^Tncn*'^ r!ie •mimnc it inisial 
coodenflAtaaiL par lunnr in ^bis sub inrpoBS "d le nar^T* izxiiefreoixeiis 
of tile speed and of sae raca if laamasuiu xnd "u -nrT lizzie wiza. 
the initial and sziiaixK 'xsnntsacnxKs, Sm^ie isrir^iSiina:^ ?x- 
pranions are grvou 'Jetimapd 5mn ^sie law ix grnifmnaam. 5ir ^fitf 
effiact of inicial wetzies ir if fnamaemcnx if ^iie «eaau ^wh :tih %n 
probably, tu^efiber wim tae m'ii. ^i if mnnp^BBiJii* "zus noac 
important fSMTtnr^ in -leusLJiuiiiuc '^se .■u^iic 

lUaatiBfcuiiia baive oaan £r>vL if "as sscaad iv wnrirh. if tu 
Teq[nite data are a^iiTaniV :sie iimri'iiiwi iin is aoy ^^los if Uie 
ejde may be eotZBedj annpnad ly iieane if lae -aomxeixaBSasB 
anM on tbe tem^eaiaaHsjniB ragnin- THiis neoisii i^Lz ^a t a 
kaofwledge of tb* cssons if ae ^tiraniw sicSuer *oti afac, ia 
the CMS of pastxal cniHfanicoiLr if ^oe siokl smoecacxze of tbi0 
BiHaes^ in aAlifcinn fin cbe «aun <!y>a& T!ie «svi5easzca of cbia 
mothodmajbeezpeeGedia mnw^^^pz m icner <s3iaai cf keirwi 
ptrtieiilaziy on tb* uaaanc of Leakv^ -nifirr ':iLS aiscaal ccBdiaatm 
of nmniB^ wbi^ firaoL nnw ezaecaensa. accear so be a 
more iiwta nt none of lare loan in zoienll j adaiisted. 



Tbe tbanki of die AiisbiiTS are ^iie so Xr. J. J. G^BSiC, Anitanl 
TVifB—off of Meefaanical Fn^iJi^^i'.i ig; ami zfj Mr. A. W. Dail^ 
Demonstialar of MecbaoieaL FnyT/^erin^ for wfiriifcrg in pre- 
figvrei 



for the ineamiriitfuf of tbe ecodnicciTLCj of ea^ iron. Yalnable 
finBifTtiiinr baa aln been rendered bj Mr. H. M. Tory, M.A^ and 
He, H. T. Banes* M.A. Sc:, Deratsostntois of Physica, and by 
Mean. MacDda^dl* Bntbcr&rd, and Laorie, itiidenti of Applied 
Sdenoe. 

Tbe Faper is aoeompanied by twenty-four drawings, firom which 
Plate 6 and the F^ in the text bare been prepared. 
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APPENDIX. 

Vkbihoation o» the Tkmpebatceb Cbitbrioh roB LnnTiHa CoNDENaiTKar. 

poied in tho pfBBent Paper, it wbb evidectlj deairable to obeerve the (cm- 
perature of the cylmde>wall8 of an engine, in some case in which water w* 

caae ahould be the same aa the time-meaD of the ateam tomperatore. A case of 
this kind prBHenled itself recently in the McGill worksbop engine, wMoh hod t^ 
be nm throttled, when the cut-off valve had been removed for repairs. Thft 
whole of the indicator -diagranm, on redaction, showed the tcmperotore of tU 
moan of the steam cycle to have boen the same aa that of the ctearaacfi anrfaoa^ 
within the limilB of error of the obBervations, althocgh on some Dooariona di»{ 
pramaweie purposely taken when the load waa suddenly changed. OnNovemlwf 
13th the ctlt-off valve was replaced, end the condensation after this date appk 
rently ceased to bo limiting. The following Table gives a uomber of the renUt 
observed. It will be seen that the relation in qneation appears to hold orer K 

Wall TKHPEEiTnam m LatmNO CoHUBNaiTioM. 


DM*, 


Cnl- 
off. 


Btmuki. 


Cycle. 


- 




,.. - 


Min, 


Bangs 


„„. 


Oct. 17 

„ 17 

Nov. 24 

.. 5 

,, 5 




Throttled . 
Half open . 
Throttled . 

Bisii'g . : 


372 
325 
2B3 
292 
277 


228 
268 
241 
243 
232 


44 

57 
42 


253 
298 
260 
260 
263 


Non-condensing 


254 

299 
260 
287 

250 


Nov. 6 
,, 6 
„ 9 
„ 10 




Falline . . 
Throttled . 

Eising . ; 


236 
255 
277 


204 , 49 
200 1 36 
212 ' 43 
230 1 47 


230 
221 
235 
251 


Gondensiiig; . 


2SS 

2n 

1«! 


Nov. 13 
„ 13 


t 


Half open . 
Quarter open 


312 


253 1 73 
232 80 


284 
265 


Oondensing 


297 
283. 
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Mr, J. Clirke Hawkshaw, Chairman, ia proposing a vote of "t. S^m^ 
tLanks to the Authors, said the stibject dealt with in the I'&per 

was a difficult one, but that there were members present who 
would be able to discusa it and give the Institution further 
valuable information on the points referred to. 

Mr. Michael IjONGridge regretted he had been unable, in the "' 
time which had elapsed since he had received the Paper, to 
obtain a clear idea of the Authors' argniuents or to form any 
decided opinion u]xin their conolusiona. The method of making 
temperature measurements within the metal by thermo-eleotrio 
couples appeared to have been very ingeniously applied, and he 
could understand the Authors being so much in love with it as to 
be led to build, upon the results obtained by it, a superstructure 
of conclusions perhaps somewhat larger and more elaborate than 
the solidity of the foundation warranted. Certain disoropanoios 
in these results were, for instance, attributed to leakage past 
valves and pistons, and this source of error was stated to be nnioi 
more serious and important than it had hitherto been considered 
by experimenters. He thought it required stronger evidence 
than the Authors had adduced to establish their conclusion. On 
the other hand, they had satisfactorily proved, what had, doubtless, 
been long suspected, that the temperature of the inner surface 
of the cylinder did not follow that of the steam, but moved 
through a smaller range. Also, the temperature curves obtained 
during compression seemed to settle the controvoray between Ilirn 
and Zeuner regarding the presence of water in the oloarance 
spaces of a steam-engine. The point on which information was 
at present specially required was the relation between speed of 
revolution on periodic turn and initial condensation, and on this 
point he had failed so far to extract any information from the 
Paper, The Authors appeared to hold, p. 4, that oyolioal con- 
densation — which meant, he supposed, condensation per revolution 
— was independent of speed, or, in other words, that the amount 
of condensation per hour varied aa the number of revolutions, 
while, on p. 52, W', the condensation in Iba. per hour was said 
to be approximately independent of the speed, which was equiva- 
lent to saying that the condensation per revolution, or cyclical 
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Br, Longritig*. condensation, varied inversely aa the nniaber of revolutions. Ha 
hoped this apparent discrepancy would be explained. 

Ur. Stromeyir. Mr. C. E. Steiometek had listened to this Paper with great 
interest and thought it gave very valuable information on the 
subject with which it dealt. In his experiments, Mr. Bryau 
Donkin had used mercury thermometers, which natnrally only 
gave average reaulta. By substituting electric thermometers the 
Authors had ma4e a decided advance, for they had thus heea 
enabled to obtain a fair indication of the extent of the rapid 
changes of temperature during each revolution. He should, how- 
ever, have been glad to have heard more about the reliability of the 
thermo-electric method, and how it was safegoarded against leak- 
ages and other disturbing influences. He had frequently been im- 
pressed by the extraordinary sensitiveneas attainable with modern 
electrical instrumenta; hut bocanae they afforded the means of 
detecting trilling changes of c 



Fig. 2 



ditions, they required to be most 
carefully protected from the 
Thus, aa far as oonld be seen, t 
cycle shown in Flii. 6 dlfTei 
materially from that shown 
Fig. 7. The one was obtain 
when the iron wire was prest 
against the cast iron, the otl 
was obtained with the iron w 
soldered to the cast iron. In each case the electromotiTe fo 
onght to be the same, but in the one junction there wonid be 
slight flow of heat, in the other there would be none. ( 
disturbing causes would readily suggest themselves, and 
donhtless, been guarded against, but as the subject was new 
certainly very important, it would have been instructive to hai 
heard more about them. The Authors' experiments on 
conductivity of cast iron had been carried oot in the orth< 
manner, and he thought that they, relying on the care whii 
they had taken, had unjustly condemned previous experiment 
Their metal seemed not quite the same as that used by otha 
In fact there might even be a difference in the conductivity 
the cylinder cover and the 4-inch sample which was esperimenb 
upon, for the one would coal very much faster than the othi 
He would suggest that the cover itself shoijld be used for tl 
necessary det«rminations, either by utilizing the thermal jnnctioi 
which were already fitted or by making the folliowing experimei 
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The rim of Ihe cover would have to be cut off and the remaining Mr.; 
flat plate C, Fig. 33, surrounded by a thin sheet of metal as ahown. 
The dish thus formed would be filled with warm water and placed 
oTer another dish, D, containing cold water. The difference of 
temperature might be maintained constant for a long time, and 
the transmission of heat could easily be estimated. As the one 
Bide of-the plate would be warmer than the other, it would curve 
as shown, and this curvature, which could be measured by the 
movement of the rods RR, or by angular displacement of two 
mirrors attached thereto would give the temperature gradient. 
This experiment, applied to a different pnrpoae, had been made by 
Mr. A. F. Yarrow,' and Mr. Stromeyer had shown ' that, with tho 
observed movements of the rods RE, which amounted to | inch, the 
amount of heat transmitted must have been 142 evaporative units 
per square foot per hour. On the subject of the lagging of the in- 
dicators, to which the Authors had referred, an eshaustive Paper ' 
bad been read at the Institutiou some years ago, and he had made 
experiments on it in marine-engine trials,* and had found that, with 
a 6-foot length of cord, the indi- 
cator always lagged | inch. •"" 
other words tho npper c 
line on an indicator-card taken 
under these oonditiona ought to be 
moved ^ inch from the end of the stroke. He; thonght if that 
■were taken into account the amount of condensation mentioned 
would be materially reduced. The leakage of ateampast the slide- 
valves was perhaps one of the most important subjects mentioned 
by the Authors, particularly as it was now becoming a general 
practice to use no lubricants in marine-engine cylinders. He under- 
stood that many steamers crossed the Atlantic, or went to other 
parts of the world, using no oil whatever in the cylinders. A few 
drops might be applied on starting, and a few drops before reach- 
ing port, to prevent the valve sticking fast ; and he believed 
the engines worked perfectly. Whether the leakage under such 
conditions would be greater or less ho did not know ; but the 
practice of doing without oil appeared to work very satisfactorily, 



' TianaaotionB of the InBtitution of Naval Atohifects, 1S91, voi s 
' "Mnriue Boilei Maaagemetit and Conatiuction," p. 94. 
' Minutes of Pioceedrnga Inst. C.B., vol. IxxxiiL p. 1. 
" TruiiBactiona of the InBtitution of Naval ArcliiteotB, vol. mi. 
(ol. ixxv. p. 407. 
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r. Stromejer. at least at sea. In (»nneotion wit.li the leakage of ateam, he had 
frequently noticed in very large slide-valves, particularly single- 
port ones, that their faoes did not wear flat nor even ronnd, bat 
■were worn in facets. He had noticed this particularly in tha 
case of a single-ported engine, with a very small stroke and con- 
sequeutly very wide porta. In that case the face was out of line 
fully ,V inch. Fig. 24. 
Mr. Bryan Mr. Bryan Donkin had had the advantage of seeing at Montreal 
the steam-engine deacribed in the Paper, and some of the iuatrU' 
menta the Authors had used in their experiments. The Paper 
appeared to be a masterly treatise on the condensation of steam; 
and the experiments had evidently been made with some of 
the best electrical thermometers known. The Authors had 
described a mass of very delicate experiments lasting one year, 
and the acconnt now given of them in the Paper appeared the 
best and most comprehensive yet published on the important 
question of the temperature of cylinder walls and on the conden- 
sation of steam. Great care appeared to have been taken on all 
points touched upon by the Authors. The electrical method of 
measuring and determining the temperature of the cylinder-walls 
and covers as described in the Paper seemed to be much more 
suitable than the mercurial method, which he had adoptal in 
his experiments. But it was a much more delicate method, 
and the instruments used— the galvanometers and others — were 
difficult to observe in a boiler- or steam-engine bouse. The 
experiments proved the enormous importance of cylinder-wall 
temperature compared with that of the working steam — or th« ' 
difference in temperature between the walls and the steam— I 
in studying condensation and steam-engine economy. Thej • 
brought out clearly the fact that the clearance surfaoes were 
much more important than the barrel surfaces. It was stated 
that 90 per cent, of the condensation took place on the clear- 
ance surfaces. The method of having a platinum thermo- 
meter actually travelling in the steam was novel and very 
interesting ; the temperature of the steam should be very 
nicely determined by the indications of such a thermometer 
travelling at a considerable velocity in the moving body of steam. J 
Great importance was attached by the Authors to the slide-valvftl 
leakage. "With a slide-valve of the type adopted, it was ver^a 
likely to take place; hut he did not think it could be inferred ibata 
all valves would leak to that extent. The slide-valve used i 
very likely to be deflected in the way Mr. Stromeyer had men 
tioned. But there were lift valves, such as that of the SnU 
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type, wMch prolnblj would not leak. Apart from the question Mr. Bryan 
of condensation, the Anthers had made an interesting set of 
experiments on the oondnctiYity of cast iron, which appeared to 
show the valne to be abont one-third less than had been hitherto 
taken — 5-4 instead of 7*5. That was a very important result, 
and he hoped it wonld be confirmed by other experiments. With 
regard to the depth to which the heat penetrated in cast-iron 
walls, it appeared, at 42 revolntions per minnte, to be ^ inch. He 
might mention that, with a slower speed engine, he had found a 
still greater depth, f inch to abont 1 inch. The question of time 
was vital in a matter of that kind. He agreed with the remark 
of the Anthers, that the testing of the leakage of a piston and a 
valve with the engine blocked and stationary was of little nse. 
It was mnch preferable to make the engine single-acting, working 
it with steam on one side and aUowing the other side to be 
more or less open. That had been done by other experimenters, 
although it was very troublesome. It was acknowledged by the 
Authors that jacketing, or superheating, or often both, tended to 
reduce condensation. He hoped that the classical experiments 
described might be continued, not only with regard to the tem- 
perature of cast-iron walls and steam, but with gas- and oil- 
engines. He had placed upon the table a very simple instrument, 
called by Him the revealer. It was screwed on to the indicator- 
cock of any engine, and (after it was once heated, which should 
be very carefully performed to avoid breakage of the glass), the 
steam passed in and out at every stroke of the engine, and, 
according as there were one or two glasses, there were different 
effects of condensation. It was extremely interesting to watch, 
through the glass, the rapid condensation and the equally rapid 
evaporation. When the walls were heated only, an extremely 
fine mist was formed. With different temperatures of tlie wallM 
the size of the globules increased from fine mist with hot wallM 
to ^ inch or i inch with cold walls, which then ran di)wn the 
surfaces. 

Mr. E. B. BoLBT noticed, in regard to the thermal rxmdiioiiviiy Mr, tnilliy, 
experiments, that the value the Authari stated $m their rtmulif 
5-65 thermal units, was finr cast iron, wlierean ^tiui gmmmlly 
assumed value, 7*5 thermal units, was for wr^/iight Irnn," An 
far as he understood, the Authors did not tmuiti thai ih^ro wmn 
any difference between the value they bad ttmw\ u,m\ Um vulim 
previously assumed. He had been mti/^h \uU$rmUu\ in i\m im\m- 
mission between the surface of the ami iron ami Um ^immf nm\ 
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U». Dolbj. especially eo in comparing it with the heat givea off from cast- 
iron hot-water pipes used for heating air. A abort time ago he 
had had occasion to examine the experimental data ohtained hy 
Sir William Anderson ' upon the amount of heat given off from 
cast-iron surfaces to air. The experiments were made with t 
difference of temperature ranging from 0° F. to 200° F. It 
appeared from Fig. 9, Plate 8, in Sir William Andorson's Paper, 
that, for a difference of temperature of about 200° F,, 2 thennal 
units were given off per degree of differenco between air and caat 
iron per hour, or atout 0*033 thermal unit per degree of difference 
per minute. Comparing that with the statement on p. 20 of the 
Paper that 6 thermal units of absorption were noted, it showed 
what a great difference there was between the two. He could 
not understand why there should be such an immense difference 
between the amount of heat given off from the surface of cast iron 
to a gas like air, and the amount absorbed from perfectly dry 
Bteam when there was about the same difference in temperatnie, 
and he should be glad to hear an explanation. 

Mr. Drnitt Mr. Dkhitt Halpin had had to deal, 26 years or 27 yeara ago, 
' P'"' -with a similar case to that illustrated by Mr. Stromeyer when 
experimenting with a balanced slide-valve — a valve that wbs 
very ingenious, because it could be seen at work. He had 
taken the valve-ohest cover off and had seen the valve working at 
a pressure of 160 lbs. per square inch. Trouble, however, was 
caused by the leakage. After successive trials be had at last 
found a simple method of demonstrating that the valve was out 
of truth. The valve was scraped dead true to a standard surface- 
plate, and was afterwards placed with tongs in a bucket of water 
at 212° F. On placing it back on the plate three or four layers 
of tracing-paper could be inserted at different places, the valve 
had so buckled. That was a terrible lesson to show what leak- 
age might amount to. He thought proper caution should be 
exercised in using the Authors' statement as to condnotivity. 
Fundamental data were given referring to a cast-iron plate I inch 
thick and 1 foot square. Tho number of thermal units passing 
through bad been derived from esperiments made with the appa- 

Iratus shown in Fig. 13, in which he thought the conditions were 
totally different. If a hole of 1 inch diameter were drilled into 
a 1-inch iron bottom of a reservoir of water of any depth, there 
would be a certain efQux of water ; and the hole 1 inch in diameter 
and 1 inch long would be a pipe, and there would be friction is 
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in. the pipe wis obIj' an uunH&i^br snsZI pertt a£ c&9istdl pgia^^^' y* '' 
anoeu Tfaoe hjb Aie nEDSfiBus of ■^"'-'^j"'* and. c&9 mstsceiice oiff 
ezit^ ifliidi woe ezBee£iig^ Iksb izl s pipe of uuxe ^fU|MKWii& 
In the game nmy tfie ei n mmt of koac coac eonki he ReeKredhra 
plate, transmilted Ihiwigh ^e BhTirkrwHa of the piaae^ aiai theia 
emitted were tataltj dUR^mit q\ nn^iMim fpsok ^e amoviUs tnM»> 
mittod, throng the aevenl a wrtiiimHy 1 izach thick* of the ea^en-^ 
mental har shofwn in J%l t±. 

CSaptam H. Biall &&skit wiihed to add his ptaiae to thai €^ Sm 
already L c ato we d ^on ^e ftper, wpfriilly in legvtd to the 
method employed far themo^^lcctzic meaMu cMcnt. He hc^ed to 
be able to nae it in e^crimentB he was mdcrtakhi|^ on the specifio 
beat of superheated steam. The Aathoss' condos i on that the 
missing qiuntitj, instfttd of being laigrij dne to initial condeiksa^ 
tion, was principally due to xalre-leakage, was no doubt tme in 
the engine tested by the Amthors. The misKing quantity was 
enonnonSy and the Tahres weie soch that they might be expected 
to leak veiy badly; bat that all Talres wonld leak to sqc^ an 
extent was a proposition that coald not be maintained* About 
9 months ago he had commenced experiments on the leakage of 
piston-Talves. They were made with a small Willana M^ne 
driven by a motor, so that the valve was in motion as in an 
engine. The leakage fonnd with piston-valves fitted with the 
ordinary rings and springs was considerably less than that 
fonnd by the Anthers. On p. 54 the second example v«m 

50 
** Willans simple ^r-^^*' and the missing quantity was 93 lh«u )>er 

hour. He had calculated the leakage in that particular trial (W>m 

the experiments he had just made, and found that it waa l)etweeii 

5 lbs. and 6 lbs. — a very small percentage on the 93 Urn. Ue aloo 

gathered from the Paper that the condensation due to the matal 

surfaces was comparatively small ; and, as he had rimwUi at any 

rate in the particular example quoted, that the leakage wfM very 

small, it foUowed that the remainder of the missing quantity wan 

in all probability due to condensation produced by water in the 

cylinder. He might mention that that waa preolnoly ilm view 

Mr. Willans maintained when he read his Unit Tapar— ilmt the 

condensation in the cylinder was duo principally to water ami 

not to the walls themselves, lieturniug to the valvd-ldtikaKe 

experiments, he found that the provisional law iuentionc4 l^y the 

Op 
Authors (p. 32) h = -j- fairly repreiM)uted kiM own ex))0r(iniintMi 
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Ur. Walksi. and factories in England, more was being wasted in steant- 1 
pipea and steam-cheata than in the engines. If the steam could I 
be as nearly as possible standing still (that was, advancing " 
from the lioiler to the work as nearly as possible at the speed 
which the horse-power to be driven demanded it), and could ha 
drawn off at anch a low speed that it did not cause any rush, a 
great deal more would be saved than by warming the sides of tie 
cylinders or by any ultra-re fin omenta, A previous speaker tad 
referred to leaky valves, and had said that a large part of the 
loss in an engine was duo to the valves bending. He did not 
think it shonld be assumed that every valve would bend ; he 
agreed with Capt. Sankey that the design of a valve wonld settle 
whether it would bend or not. Considering the immense weights 
to which engineers were accustomed, it seemed absurd to acknow- 
ledge that a valve could not be made of such a shape that, at any 
rate, the weight at the back of it would not bend it. He believed 
there was a great deal more to be done in preparing steam at 
the boiler — that was, sending dry steam out of the boiler, and 
convoying it along steam-pipes of ample size, so that it was 
not always moving about and condensing. He thought it was 
a great deal easier to save money in that way than by eslravar 
gaut refinements in the engine itself. The refinemento would 
have to be nursed, and it was much better for an engine in 
the hands of an ordinary workman not to have too many refine- 
ments, lie could not illustrate his view better than by the 
ordinary marine Admiralty engine or a great shipping company's 
engine, in which the very last point on the \ lb. of water per 
I.HP. per hour was agreed upon, while the steam-pipes were 
made of copper. He would rather make the pipes of iron or 
steel, covering thera with a material that would prevent the heat 
escaping. It was absurd to trouble about the temperature of the 
wall of the cylinder, and deliberately convey the steam by a pipe 
which was polished to please the eye instead of being covered to 
save radiation. At the recent Engineering Conference it had 
been stated by Mr. Preece ' that Mr. Benjamin, of Cleveland, 
had found 60 per cent, or 80 per cent, to be absorbed by shaft- 
ing in an ordinary factory before the machine to be driven was 
reached. Without reference to notes, he had, in the discassion 
which followed, expressed the opinion that 25 per cent, or 40 per 
cent, would be nearer the mark ; and on returning home he bad 
made a trial with an engine which drove 300 yards of shafting. 
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The shop in which the machineiy was placed ooTeied mi ^« ^^ 
area, of 3,000 square yards. The engine and shafting were 
running light, driying all the countershafts, and the engine 
indicated 30 HP. ; hnt 5 minntes afterwards work was started, 
the engine indicated 120 HP. The loss by the shafting was, 
therefore, nnder the most nn&Yonrable oiroamstanoes, only 
25 per cent. 

Professor W. C. XTnwin said that one lived and learned, and he Tt^u Un 

now heard that one way to improve steam-engines was to enlarge 

the steam-pipes. He wonld point out that steam-pipes could not 

be enlarged without producing two results. The radiating surface 

was increased and the steam was made to stay much longer in tlio 

steam-pipes. He did not think that either of those actions was con- 

dnoive to conveying dry steam to the engine ; at any rate ho could 

quote instances where quite as marked an economy as that whioli 

had been mentioned had been achieved not by increasing tlio niko 

of the steam-pipe but by reducing it. He referred to tliat inattcri 

however, for a more important purpose. In studying carefully tliu 

action of steam in an engine about the middle of the oontury, 

Bankine and others came upon this problem ; ordinary engitieH UHml 

50 per cent, to 60 per cent, more steam than there wan any triide 

of on the indicator diagram. The progress of the Ntudy of tim 

steam-engine during the last 50 years had boon chiefly t)ie Mtiiily 

of where that steam disappeared to and why it diHappeareil. 'VUt$ 

Paper dealt with that problem — the 50 per cent, or 00 \mr imui, 

which went in the working of an ordinary engine not a \mi\ 

engine but a good one; and he ventured to uny that iUn \irn\t\mn 

was a more important one than tlxe problem of obtaining IohmI 

economies by altering the steam-pipes. He (unmUl^rttti tlm IVjHir 

was the most important Paper on tlie nUfi^m-m$i/^)hi$ ivlii/ili Uml 

come before any English Society innf!^ tli/? firui J'a|/<9r of tim lu t«i 

Mr.*Willans; and that from the point //f vi^w of ii»9iMitii i^i tim 

bottom of the action inside the steam ^pyliftdUff H wum Hw oioMt 

important Paper ever presentel Uj i\m UmiMnivnh U*^ uttuhi 

quite understand the difficulty whi/;h iiu9 JV|M;r wo«J>l fntrnt^hif 

to most readers. One speaker h«/i mi4 i\MX im Uh4 iM ifumt Mh 

to master it in a short tixoe. Ih w«# n^tii^M U^t^^f «m» tu^f tt44 hn 

was personally ooncena<ed, m Z m^/mI^ vf i t^^h^m ha t*h*ftthl 

have to say the saitte ih'tu^ \M¥M>^*m U^ t^t^p^^ hnt^^M ^h 

with new suggestioxis wid ^AM^ryi^i^/ht^ UM iM9 w»m# tf^^^^n t^tnn 

that 3 numths' or 4 lugautW *Vu^/ wva^W ^M t^ W* fh^i*4t h^ 

enable the whole of ti»* vWW/Jk ^m^^^ /y///i^>/M^< )h ?< <^/ hn 

understood. It dany^u^^ 4;juW/vJ/ iv/ /<* /*^vi<*» oh ^h^ v//</0>^* 
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Prof. Unwio. An BxpresBion of the probatle amount of condensation, in a 
steam -cylinder, ■working under any oonditions, had been fonnd 
by Professor Cotterill, which fitted a wide range of eiperiiuents, 
with a certain amount of accuracy. He made the condensation 
depend upon the barrel surface of the cylinder. It was found by 
the Authors to depend very mach more on the clearance surfaoe. 
That was a question which had already, more or Iobb, arisen, 
and on which, even after the present Paper, he did not think the 
final word had been said. Professor Cotterill was so careful in his 
work than he could not help thinking that he had based hie con- 
clusion that the barrel surface was important on a tolerably wide 
induction. On the other hand, the experiments in the Paper 
seemed rather conclusive in showing that clearance surface was 
of more importance. The Anthora had certainly given soma J 
very valuable results in helping to determine the action olfl 
the clearance surface. The Paper bristled with new sng^n-^ 
tions. It was, for instance, absolntely new to him to hear of ' 
CKplosive boiling of steam in the cylinder- walls auoh that water 
was carried olF mechanically without carrying away its proper 
proportion of heat. Another fact might be of practical importanoet . 
namely, that there was evidence of vortical motion of the steaiiM 
in the cylinder itself, which made the presanre widely differwH 
at different parts. There were different pressures in the cylind(»l 
at the same moment, go that it was possible that indicator 
diagrams taken from the side where the pressure was greater 
than near the centre, might be considerably erroneous. All thosa 
suggestions were of remarkable interest, and he thought the Insti- 
tution was greatly indebted to the Authors for their researcheiU 
which must have involved an extraordinary amount of labour aaii 
patience. 

Prof, Capper. Professor D. S. Capper thought that more information as to thi 
inanuor in which the practical measurement of the temperatonf 
had been carried out by the Authors would be of interest, parties* 
larly as to the calibration of the thermometers. The thermo[nh| 
appeared to have been connected in the differential esperiment! 
with two different points at a small distance apart in a hole sniA 
in the cylinder ; consequently it was the electromotive foro9 
produced by the contact between a wrought-iron vrire and tlrf 
cast iron of the cylinder, which had been a measure of tht 
temperature produced at the point at which the contact t^ 
place. The only calibration seemed to have been on a bar S 
metal which was cast at the same time as the cylinder, but sA til 
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Authors had pointed ont, the electromotive force produced in Prof. Cnpper, 
pieces of the same metal might differ widely. He would lite to 
know how the temperature had been deduced from the electro- 
motive force produced by the thermopile. Such an explanation 
would he a great help to members in trying to follow in the 
footsteps of the Authora. In further reference to the determina- 
tion of the temperatures, it was stated on p. 10 that the curve in 
Fii/, 9 oorreapoiided to a range of about 20" F. at the surface of 
the metal. He was unable to £nd from the Paper how the 
temperature of the surface of the metal had been arrived at. If 
it had been obtained by producing the carve of penetration ob- 
tained from the observed results at different depths until it cut 
the vertical ordinate at the surface, a very wide margin of error 
might be introduced, owing to the increasing curvature as the 
curve approached the inside surface. The nearest point to the 
inside surface that could be reached was about -^^^ inch from the 
actual contact of the surface with the steam. It had previously 
been generally assumed that the rapid alternations of steam tem- 
perature in the cylinder were not closely followed by the metal to 
a greater depth than about y^ inch. He did not, however, mean 
to suggest that in these experiments a smaller depth ought to 
have been attempted. Extraordinary difficulties had been over- 
come with remarkable ingenuity and success, and very great 
credit was due to the Authors for their truly wonderful results, 
even up to that point ; but he would like to know how that 
-J-J5 inch had been bridged over in arriving at an estimate of the 
temperature at the surface. It was highly probable that in read- 
ing over the Paper again he would find that the Authors had 
really satisfactorily explained this point, and that be had mis- 
understood their meaning, but more detailed information as to 
calibration of thermopUes and the bridging of this gap would be 
an immense help. He had always been under the impression that 
polishing the outside of pipes would prevent radiation, and not 
conduce to it, as inferred by Mr. Walker. It had also been stated 
by Mr. Druitt Halpin that conduction in cast iron was totally dif- 
ferent when taken along a bar from what it was when taken 
through a plate; and he arrived at his conclusion by comparing 
these results with the penetration of water through orifices of 
different proportions. He failed to realize the distinction, and if 
he had not known that Mr. Druitt Halpin was sound upon this 
point he should have imagined that his remarks were based upon 
old-time belief in caloric as an absolute subsUnce penetrating 
Lgh tho snifaco of the metal. 
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Fig». 25. 
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3. Mr. W. Q. Walker had carri&d out esperiments to compare the 
effect on the transfer of heat of variously-arranged surfaces pro- 
jecting from the primary surface of a plats in contact with steam, 
air and water. Two cylindrical smooth veaaels were constmcted 
of exactly similar dimensions, cut from the same hrass tnbe, each 
6j inches long, 2y'j[ inch in external diameter, and ^-^ inch thick, 
they were fitted with movable 
water-tight lids, throngh whioh 

Oj_,^, thermometers were inserted. When 

■^vj' ^y^ filled with water, no difference was 
( •* 1 found to exist between their re- 

•"''x, ^ j/^*^ spective powers to absorb or dis- 
charge heat ; this was ascertained 
by heating them together in steam 
to 212° F., and allowing them to 
cool either in air or water. The 
thermometers registered alike 
throughout the scale. One of the 
cylindrical vessels was then tried 
with copper ribs, SJ inches long, | inch wide, and 0'012 inch 
thick, soldered on longitudinally, the ribs were spaced equally 
and radially round the cylinder, and were tried internally and 
externally, as shown in Figa. 25 (I to IV). The external and 
internal ribs, when tried together, wore in the same plane. The 
two veBsels were heated by suspending them in a tin vessel, Kj. 26, 
12 inches high, and 8 inches in diameter, having 
2 inches of water boiling by a powerful burner; thfl ' 
wooden lid of the tin vessel was movable, and tbaj 
thermometers passed through it. The two cylinders" 
to be compared were filled with water, and when 
their temperatures were equal, generally about 65° F., 
the wooden lid to which they were attached was 
placed on the vessel containing boiling water ; thi i 
lid formed a good fit, and the metallic surfaoea a' 
once commeBced to absorb heat. The reading of t' 
thermometers, together with the time, wai 
simultaneously at every 10° of the plain cylinder; the time V^ 
taken in seconds by a chronometer, and the temperature to ^°a 
the thermometers became stationary at 210° F. The lid, togethw 
with the cylinders, was then lifted off and suspended either u 
or water, and allowed to cool, the respective temperatures and tht] 
time being noted simultaneously at every 10°. Contact ' 
steam, air or water always referred to the external surface of th*1 
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cylinders, the internal surfaoe being, of conrBe, exposed to water Mt, W. O, 
only. The difference which arose in the conditions between some ^"l^"- 
of the experimenta dae to the variation in the supply of heat from 
the burner, change in the atmosphere, temperature and cooling 
■water, did not affect the value of the comparative nature of the 
experiments, as any change had the same effect on each cylinder. 
The reaalts of the experiments were given in Tables I-III, p. 80, 

The difference between the temperature of the corresponding 
plain and ribbed cylinders increased from zero and reached a 
niaxim.um after a certain time, after which they again closed to 
equal degrees of temperature. The presence of the ribbed surfaces 
increased to a considerable extent the rapidity of transfer of heat 
either when absorbing heat from steam or discharging it into air. 
With the ribbed surface in contact with water the speed of 
transfer was also increased, but not nearly to so great an extent. 
In the case of the extemally-ribbed cylinder (II), Figs. 25, the 
greatest difference in temperature between the oorresponding 
plain one was 18" T., 33" F., and 8° F. respectively when in 
contact with steam, air, and water. When exposed for 53 minutes 
in the atmosphere the temperature of the externally ribbed 
cylinder had fallen 102° F,, whilst the temperature of the plain 
one had only fallen 69° F. The addition of the internal to 
the external ribs (III), appeared to produce little or no effect 
on the result previously obtained. The temperature of the ex- 
ternally and internally-ribbed cylinders showed a maximum 
difference of 18° F. and 33° F. compared with the plain cylinder 
when absorbing and discharging boat in steam and air respectively. 
In the case of the internally-ribbed cylinder (IV), the external 
ribs having been taken off, the maximum difference in temperature 
over the plain cylinder was 1° P., 1° F., and 6° F. in steam, air, 
and water respectively ; their outer or external surfaces were, of 
course, the same in this case. It was interesting to notice the 
greater effect of internal ribs in the case when the cylinder was 
cooled in water. The comparatively slow transfer of heat when 
in contact with steam or air would allow the temperature of the 
water in the cylinder to adjust itself; when, however, the transfer 
became rapid, the ribs became more effectual. The estemal ribs 
were more effectual in discharging beat to the atmosphere than 
in absorbing it from steam. This difference might be due to the 
condensed layer of steam which was deposited on the surface, and 
which retarded to some extent the transfer of heat. The external 
surface was also increased by coils of copper wire -jV inch and 
gj inch in diameter. With a space between the turns from a 
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mean of nine experiments, the temperatiire of the coiled cylinder Mr. W. C 
fell faster than the plain one, reaching a maximum difference of '^*^^®^' 
6 '7° F. When, however, absorbing heat from steam the effect 
was reversed, the temperature of the plain cylinder rising the 
fastest, and reaching a maximum difference of 4*7° F. This 
apparent irregularity could be accounted for by the thick layer of 
steam which was deposited between the wire coils and could not 
easily drain off. When cooled in water the coiled and plain 
cylinders gave the same results. In these experiments care was 
taken that the colour of the respective metallic surfaces was the 
same. He considered the Paper a most valuable one, especially to 
himself, because he had had the opportunity of visiting Canada 
during the past summer, and had seen the apparatus with which 
the Authors had made their experiments. He was indebted to 
Mr. Clarke Fisher for having laid upon the table his electrical 
thermometers, which had been developed at Cambridge by Messrs. 
Callendar and Griffiths. They depended upon the effect of the 
source of heat upon the resistance of a platinum wire connected 
in circuit with a differential galvanometer, from the readings of 
which the temperature could be directly indicated. 

Mr. Henry Davey thought the problem dealt with in the Paper Mr. Dave 
was generally acknowledged to be a most complicated one ; and, 
unless the observations had been carried out with extreme 
accuracy, it would be almost impossible to derive quantitative 
results which could be used in practice and applied to steam- 
engines. It was necessary to know the specific heat of cast iron, 
and experiments were made to determine whether the originally 
accepted value was true. An error of about 30 per cent, had 
been found by the Authors, and it had an important bearing 
on the quantitative results obtained in the investigation. Engi- 
neers referred a good deal to the missing quantity of steam 
arising from condensation in the steam cylinder ; but they would 
more nearly realize the importance of the question if they looked 
for the missing power. For their standard of reference, the 
Authors had selected the Clauslus adiabatic cycle. Taking the 
missing power in the best example of triple engine, it would be 
found that it was not the large quantity that engineers generally 
imagined. In the best examples, such as that given by Professor 
Thurston in the accompanying Fig, 17, eliminating the error of 
piston and valve leakage, it would be under 10 per cent. That 
was the defect to which that law applied. It was a small quantity, 
therefore any error in the quantity determined by that law would 
have a very serious effect in its application. With regard to the 
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Mr. Dttsej. details of the engine, he could not attempt to criticize t 
infitrumenla and the thermometry; but, with regard tc 
he noticed that the valve was not an ordinary slide-va 
it a piston-valve. It was a plate of metal pierced w 
assumed to be steam-tight between two surfaces. Tha 
old type of valve, and was called an equilibrium slit 
had been used in England 30 years ago, and he bel 
used very largely in America at the present time. In 
experienoe with valves of that type was the great 
making theia steam-tight and keeping them so. Agai 
would be vitiated by a difference in the condition of 

Fig. S7. 
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eogineeTs who had a piejodice against the use of steam in the Mr.Livei 
jacket on aoooont of Inbrication ; thej were a£raid of having the 
steam too dry in the cylinders^ and oonseqnently scoring them. 
He had himself made one of the reToalers by ntilizing a sight* 
feed Inbricator glass;, and had fitted it np in connection with the 
pipes for the indicator, and the action of the jacket was most 
Qsefnlly shown in the roTealer. Withont steam in the jackets 
there was far more deposit on the sides of the glass reTealer than 
was the case when steam was in the jacket, bnt there was still 
water to be seen on the sides of the revealer even when jackets 
were in use. He shonld like to assnre Mr. Walker that the 
Admiralty steam-pipes were very weU lagged. If they were not, 
the temperature in the engine-rooms would be unbearable. He 
might also mention that steel was displacing the use of copper for 
large steam-pipes. 

Mr. G. M. Clabk had had the privilege, some years ago, ofMr. Clarli 
assisting Professor Callendar in some thermometrio researches 
which he had carried out in Cambridge. He had, therefore, an 
intimate acquaintance with the dexterity and skill with which 
Professor Callendar had carried out that class of research. He 
thought that some difficulty in grasping the Authors' meaning 
was due to the compression of their statement, rather than to 
omissions in the experiments. If the Authors had put their sum- 
mary of conclusions on the first page instead of on the last, it would 
have been much easier to follow the general drift of the experi- 
ments. An attempt had been made in the Paper to measure 
directly, by means of thermo-couples, quantities which had been 
deduced formerly by more or less indirect methods ; and, as the 
value of the Paper depended on how that either carried out or 
did not carry out previous results, he thought it was of great 
importance that throughout the Paper great stress should be laid 
on which were direct measurements and on which were more 
indirectly calculated quantities. That was specially the case 
with regard to Table VI, p. 34, where the Authors brought to 
bear all their results of leakage, and proved that the leakage 
calculation or leakage correction was a quantity which could be 
accepted. It was somewhat difficult to see which of those 
quantities were measured by their new method, and which were 
old quantities that could be calculated independently. The pith 
of the whole thing was contained in line 6, but there was nothing 
to show how that calculation was arrived at. A simple numerical 
example would have cleared up a great deal of the difficulty. The 
leakage correction might have been calculated from K = 3^ Nicbi 
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Hi. Cluk. had been given a page or two earlier. Attention had been directed 
in line 10 to the order of cousiatency under the different trials, 
but it would be seen from line 113 that the quantities varied 
between 0'007+ and 0'0159, but these were not the quantities 
which caught the eye as being exactly consistent. The greatest 
was twice the least. Ue did not know whether that meant thtl 
the first three columns were to be compared ; if so, he did not 
think the comparison was of much value, because the esperimentfl 
were conducted under very similar conditions. The trials were 
run over a longer time, and were only repetitions of esperiments 
carried out under similar conditions. If another line were 
inserted treating the means in such a way as to bring the 
numbers together, it might be much easier to compare them. 
immediately. Any assumption the Authors had made with regard 
to the leakage coefficient, if they only wished to compare these 
three columns, was not of very much value. Another exampta 
of the want of distinguishing between directly and indirectly 
measured quantities, though of a rather different nature fwhich 
appeared to have caused some trouble), occurred on p. 14, in the 
measurement of the conductivity and diffusivity of cast iron. 
The diagram was given, and the result was worked out by the 
calorimetrio method. The Authors had not, however, used that 
result at all, but had used the second method, and had eventually 
calculated the conductivity from the diffusivity by multiplying 
that by the thermal capacity, which had been calculated from tlk 
specific heat. No hint was given on that point, and bodm 
speakers appeared to have had some difficulty in oonaequen<4 

One of the principal quantities measured was the ratio v-, 
depended entirely upon the thermal measurement at different^ 
depths in the thickness of the walls. There might he some error 
due to the actual measurement, hut he thought that Professor 
Callendar was too careful an experimenter to fall into such an 
error. The error arose from the fact that the whole of the thermo-'J 
electric circuit was not at one temperature, as part of it mnafl 
come through the cover or through the walls into the outer air^l 
therefore there must be a thermal gradient and consequent! 
conduction taking place along the thermometer leads, and thfl J 
temperature of the actual junction ■would in that way b^H 
lowered, to what extent it was impossible to say ■without i 
details of the Authors' arrangements than were given in 
Paper. Again, if a section of the walls of the cylinder i 
considered, the temperature gradient across any particular si 
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. not only on the difference in temperature between Mr. Cl«r 
the outside and inside, but was also influenced by the gradient 
across every previous section through conduction along the walls. 
If the piston was moving from hot to cold, the previous gradients 
would be all steeper than the particular one ohoaen. There would, 
therefore, be, so to speak, a gradient parallel to, as well as perpen- 
dicular to, the walls. In extrapolating these from observations 
taken near the surface to the temperature at the actual surface, 
perhaps not the real thickness, but some virtual thickness should 
be taken depending on this compound gradient. That might, to 
some extent, modify the Authors' conclusions as to the temperature 

of the surface of the walls, and hence also of the quantity — , the 
rate of condensation. The criticism might be superficial and 
perhaps not very sound, but it was a significant fact that 
throughout the Paper the results obtained from observations taken 
from the cover were much more concordant than from those taken 
in the side walls. If the Authors' Table III, on page 19, were 

plotted for — in terms of speed, it would be found that the obser- 
vations did not lie along with those taken from the cover, and 
that would be expected from the arrangement of the thermometers. 
All the cover thermometers were arranged in a circle of 1^ inch 
radius round the axis of the cylinder, so that they were in such a 
position that a correction for a virtual thickness would not have 
to be applied. The central portion of the cylinder cover would 
scarcely be influenced by the changes in the walls or the changes 
of temperature in the flanges, whereas those in the side would 
be more immediately influenced. It was pointed out by the 
Authors that it was essential that no foreign material should be 
introduced into the thermo-coupla circuit, but on pp. 5 and 9 
two places were referred to at which such foreign matter waa 
introduced, first, in the mercury-cup contacts, and secondly, by 
the tin used in soldering the couples in place. It would ba 
interesting to know whether the formulas given (p. 6) held 
for both the original and subsequent calibrations of the couples, 
and to what extent these angles were permanent. The formulas, 
too, should, for the sake of uniformity, be expressed in the 
Pahrenheit scale. Again, as by the differential method of 
■working, changes which afi'ected both junctions were not ob- 
(rved, the Authors might more definitely have explained the 
small portion of the cast iron of the cylinder," which was used 
part of the circuit, especially with reference to freedom of one 
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Mr. Clark, junction from cyclical changes. In the description of the eitnation 
of the thermo-couples, it wae not evident where the junction 
S, inoheB, anbaequently referred to in the Table on p, 19, waa 
placed. Also, it was not clear what the " fotir similar holes " were 
" above and below" (p. 10). Were they nearly on a vertical 
diameter of the cylinder ? Again, junction Ko. 1 side would appear 
to refer to a couple placed opposite to tbo clearance space (p. 10) 
and not to the one previoualy specified as being situated 2 inches 
along the cylinder. If, however, " at this point " referred to time 
and not to place, the meaning of the Authors would he quite 
different. The word " depth " had been used by the Authors tfl 
indicate thicknosB of metal measured from the inner surface of the 
cylinder. The mind-pictnre was that the thermo-couples were 
inserted in holes drilled in the metal. The word "depth," there- 
fore, bore more strongly on the depth of the hole than on the i 
thickness of metal left undrilled. The Authors had explained 
their use of the word on p. 6, line 6, which, if understood, 
might be sanctioned for its brevity. In Fig. 10 it was shown 
that the temperature began to rise at each point before steam 
reached it ; why should not horizontal conduction play an im- 
portant part? On p. 13 it was stated that condensation on the 
admission surface was due to the lowering of temperature by 
conduction. It would be of interest to know under what 
ditions the engine was running whilst the measureuients of the 
outward temperature gradients were taken. If it was at one- 
fifth cut-off, it would he more natural to put the statement i 
that paragraph rather than in the next. Again, in the sam 
paragraph, were l>oth the temperature of the "inner surface" 
and also of the outer surface extrapolated from observations at 
different depths, or was the outer directly measured? In con- 
sidering the cyclical variations in the piston, it should 
remembered that they were probably of coneiderable amplitude, 
as at each stroke the piston-rod entered the atmosjihere .and tliS' 
cyclic changes took place through an extended temperature range. 
In the paragraph, " The Calorimetric Method," it was doubtful 
whether the Authors wished to convey the meaning that the 
old value for wrought iron, 7 '6 B.T.U., was untrustworthy, 
or to emphasize that the difference between K for oast iron 
and wroTight iron was also great, as would be expected fronii 
the difference in electrical conductivity. The alteration of ihft' 
brackets from one sentence (line 8) to the next would k 
matters clearer. In tlie paragraph headed " Density," it would havfi^ 
l.«en mure logical, and at the buiiio tijuo drawn the attention fiou 
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Fig. 12^ to have said that the values assumed were c = 4*5Mr. Clai 

— = 1*20, and hence Ic = 5 '4. An amplification of the portion 

dealing with cyclical heat absorption, showing how to advance 
from actual observations at definite depths to a fully drawn-out 
temperature-depth curve, to surface temperatures and to heat 
absorbed, would be of real utility. There were three dotted 
curves shown on Fig. 13; the boundary curves were explained, 
but the intermediate one was not referred to. The wave-length 
and heat absorbed might also be expressed algebraically as well 
as numerically. There was no explanation given as to the sepa- 
ration of Table III into two parts. An example of the method 
of calculating column 5 should be given, and it might be ex- 
plained that column 6 was obtained from Table II, column 5, by 
multiplying the values here given by the ratio column 6, Table III, 
to 10. In Table VI, line 21 gave not the usual lbs. gross feed per 
I.HP. hour, but lbs. corrected feed (line 7). This should be noted 
particularly, as it was an unusual method of stating their con- 
sumption in the engine. The usual method would be to use line 5. 
Column 7, line 21, would then be 66 • 5 lbs. against 23 • 8 lbs. It was 
to be remembered that the engine was designed to run at 250 revo- 
lutions per minute, double-acting, whereas in these trials it was 
run simple-acting and far below the designed speed. 

Dr. A. B. W. Kennedy wished to carry Mr. Davey's diagram a Dr. Ktm 
little further. He would take an extreme case, and suppose that 
there was no expansion at all, but a perfectly rectangular diagram. 
Putting 10 per cent, or 20 per cent, or even 100 per cent, more 
water into the cylinders certainly neither would nor could make 
the least possible difference in the power, but to have to pay for 
the additional water (in cost of coal) would, nevertheless, be a very 
serious matter. He used this extreme case to show that it was 
not the proportion of the power, but the proportion of the water 
that was of importance to practical engine users, for here not even 
the small gain in power mentioned by Mr. Davey would follow 
from the saving of the whole additional water, but the actual 
practical gain in cost would follow all the same. The important 
matter in the present case was the matter of condensation, and 
it must be measured in condensation, as it had to be paid for, and 
not in power. He was glad to hear Prof. Unwin's references to 
Prof. Cotterill. Probably it had not come into the Authors' pro- 
vince to mention him ; but his work in connection with the 
theory of steam-engines in regard to condensation in the cylinder 
and to the action of the jacket was most notable, as having 
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Or. EiDoedf. been tliought out by a man who, at the time lie ■wrote, had 
little experimental work to go upon. It was one of the most 
splendid pieces of work in the theory of the steam-engine, and it 
was not reduced in importance in any way by the more complete 
experimental work which the methods of Prof. Callendar sad 
others had rendered possible. He thought it very nnwise for 
gentlemen who had not used electrical methods to tlirow doubts 
upon them. Platinum thermometers and electrical resistance in- 
struments generally were at least as easily verified as meicnry 
thermometers. There was some difficulty in verifying either, bat 
the electrical thermometers were correct within a degree of acon- 
raoy unattainable by mercurial thermometers. If a doubt was 
felt as to Prof. Callendar's reanlt, by anyone who was prepared to 
swear by an indicator card (which the speaker was not), he should 
refer to Fig. IS, showing a curve drawn representing the t 
perature calculated from the pressures on an indicator diagran. 
throughout the stroke. On that continuous curve were placed » 
number of crosses, which indicated the temperature measured l^i 
a platinum thermometer shown in another Fig. It was evidaat 
that the readings of the platinum thermometer and the readiuj 
of the indicator springs had been practically identtcaL He hiiftJ 
self considered this to be a check upon the indicator springs, i 
upon the platinum thermometer ; but engineers who bad a, kindly 
belief in indicator springs, as friends of their youth, might, i 
they thought proper, regard it as a reasonable corroboiatton 
the platinum- wire thermometer. 
Mr. Darey. Mr. H. Davey said ho ought to have added " missing pow*^ 
as the result of cylinder condensation," He wished to point o 
that the missing power, in the best modem engines at least, m 
a, smaller quantity than was usually associated with the lai^ 
amount of cylinder initial condensation which took place i: 
engines. In the example he had given he saw no advantage ii 
e.^tending the diagram for the actual engine, as the termiu 
pressure of the adiabatic would be below the pressure i 
to overcome the frictional resistance of the engine. 
Dr. Hopkuuon. Dr. JoHS HoPKiNSO.v desired to refer to one point connected 
with the particular methods of thermometry used. On cam 
fully reading the Paper, it appeared that two electrical meth 
of thermometry Lad been employed : the therm o-eleotro r 
which had been extensively used by Le Chatelier in France, i 
the method by resistance, which Professor Callendar had bronghC 
to greut perfection in England. But on a superficial readin{|^ 
the Eiecoud might efcapo notice. Qe thought it would I 
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been of great value to engineers if those methods had been Or. Uojikinic 
described in detail^ because he believed that was the first time 
that either method had been employed for measuriug the instan- 
taneous value of rapidly varying temperatures. lie believed 
that these methods of thermometry would b^ largely employed 
in future by engineers, because, compared with the mercury 
thermometer, they were more accurate, inasmuch as they were 
very much more rapid in their action. In the Authors' exi>ori- 
ments it would be impossible to use the mercury thermometer 
for measuring the temperature at the various points in a com- 
plete cycle. That difficulty had been completely overcome by 
the two electrical methods, and he ventured to think that the 
value of the Paper would have been considerably increased if a 
description had been given of methods which, though familiar to 
many physicists, were unfamiliar to most engineers. 

Mr. W. H. Patchell had encountered the difficulty referred to, Mr. Patchell, 
but with the assistance of Mr. F. W. Burstall, had been able to 
simply accomplish with the platinum thermometer oxporimonts 
which would have been impossible with a mercury thermometer.^ 
He thought Mr. Walker would not find the electrical thorniomoter 
harder to use, or more brittle than the ordinary glass thorniomoter. 
There was now only one missing link. The apparatus had to be 
used by an experimenter accustomed to electrical instruments, but 
now, happily, even that difficulty was being overcome. Two 
indicators had been placed upon the table, and they appeared 
very much like the steam-gauge, with which Mr. Walker was no 
doubt familiar. If he would only get a thermometer of the kind 
described and couple one of the indicators on to it, he would never 
want another mercury thermometer. 

Capt. Sanket thought it might interest members to know that Capt. Snnkej, 
early in 1892 Prof. Callendar and Mr. Willans had undertaken 
steam-engine experiments with platinum thermometers, but the 
lamented death of the latter had prevented the trials from being 
carried out. 

Sir John Wolfe Barry, President, said the Institution was greatly Sir J. Wolfe 
indebted to the Authors for their Paper, which from all points of ^*'*7« 
view was of great value. It was a matter of regret that they 
were not present to hear the discussion and to verbally supple- 
ment some of their descriptions with the explanations desired by 
some of the members. Another matter of regret was that neither 
of the Authors was able to write " Associate," " Associate Mem- 
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r. Wolfe ber," or " Member" after their names. He hoped at Bome fntnra 
T- time their names would be seen with some of thoee titles 

added. 
luthoiB. The AumoHS, in reply, regretted their inability to be present 
dnring the diacnasioc, aa it was in many cases diffioalt to niider- 
stand the exaot meaning of questions in the report. They had 
been taken to task by several of the speakers for the obscnrity 
and difGciiIty of the Paper, and for the omission of important 
details and explanations, for which they were not responsible. 
The Paper, as originally written, contained many details of 
physical apparatus and methods, and much esplanatory and 
illustrative matter, which were omitted in publication, owing to 
the necessity of bringing the communication within the limits of 
space at disposal. This compression of the Paper had rendered it 
more difficult to understand, and from a physical point of view, less 
interesting and convincing. The Authors, however, hoped that 
the general results would prove to be sufficiently intelligible on 
careful study, and that they might have the benefit of the doubt 
in case any obvious and important test appeared at first sight to 
have been omitted. 

The ingenious method of measuring the conductivity of a plate 
by the curvature, as described by Mr. Stromejer, could not have 
been applied to the cylinder cover used by the Authors without 
destroying it. The two methods adopted in the case of the 4-incli 
bar were better known, and appeared to be capable of greater 
accuracy. They had not, however, been content with assuming 
that the metal of the cover and the 4-inch bar, though cast from 
the same ladle, possessed identical properties. The temperature 
cycles had been observed at different depths in the metal betweea 
yj-(f inch and \ inch. The agreement of these cycles on reduction 
formed a satisfactory test, not merely of the quality of the metal, 
but also of the accuracy of the observations and of the validity 
of the method of reduction. 

The indicators used throughout the trials were of the Crosby 
pattern. They were tested against a platinum thermometer, and 
in various other ways, with consistent results. The indicating 
gear was specially fitted and tested for high-speed wort. At the 
low speeds actually employed, it was not possible that the lag 
should have been of the order suggested by Mr. Stromeyer. 

It might be observed on a close inspection of the section of the 
valve and relief-back shown in Figs. 1, Plate 6, that the probability 
of bending or buckling of the valve as an explanation of the leak- 
age, was minimised by the symmetrical form of the valve and its 
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The Authors, They were grateful to Professor Unwin and Mr. Bryan Donkin 
both for the generous appreciation they had expressed at the 
meeting, and for the interest they had taken in the work dnring 
their visit to McGill College. That the temperature cycle 
of the surface of the metal must be dififerent from that of the 
steam, had been shown by Kirsch and Gotterill on theoretical 
grounds, to which adequate reference had been made in the 
original paper. They had, however, assumed too large a value 
for the conductivity of iron, and they explained the difference in 
the cycles by supposing that the temperature of the metal sur&ce 
ceased to fall as soon as re-evaporation was complete. They both 
assumed that the temperature of the metal surface during conden- 
sation practically followed that of the steam. The latter resnlt 
appeared also to follow from Hall's experiments, and firom others 
which might be quoted, but was in direct opposition to those of 
the Authors. The explanation given by Kirsch would evidently 
fail in the case in which water was continually present in the 
cylinder. This case had been specially discussed in the Paper, 
p. 36, and afforded one of the strongest confirmations of the views 
there advanced. 

With regard to the desirability of extending these experiments 
to engines of a larger size, the Authors were glad to be able to 
state that, with the kind permission of Mr. Wanklyn, the general 
manager of the Montreal Street Bail way, they were engaged in 
testing a large compound-engine of 3,500 HP., directly coupled to 
a single generator of 2,500 kilowatt capacity. The engine could 
be tested condensing or non-condensing, and with or withoni 
steam in the jackets on any part of the cylinders or receiver. All 
the quantities, with the exception of the condensing water, could 
be directly measured, and arrangements had been made for auto- 
matically recording the temperatures of the metal and steam 
throughout by means of electrical thermometers. 

The phrase " cyclical condensation " had been used by previous 
writers on the subject. It meant simply condensation occurring 
cyclically, and not condensation per cycle. The temperature cycle 
of the surface of the metal, as given in Table III, had been de- 
duced by the aid of Table II, assuming simple harmonic formulas. 
As explained on p. 19, this method might lead to some error in 
certain cases for the surface range, but the value of the quantity 
of heat absorbed, upon which the results mainly depended, would 
be very nearly correct. Kirsch had given several ingenions 
methods of deducing the heat absorption for a cycle of any form 
at the surface of the metal. He assumed the surface cycle to be 
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The Authors, from cast iron to polished platinnm, and with various amonnts of 
adherent water. Some of these experiments had been recently 
oommnnicated to the British Association, and had already been 
published in Engineering, 

Gorrespondence. 

Prof. Ewing. Professor J. A. EwiNG congratulated the Authors on the 
immense amount of important and novel matter which the 
Paper contained. It was a long Paper, andj notwithstanding 
that, the amount of information it contained was so considerable 
that being packed into a relatively small compass it became 
somewhat hard reading. Especially was this the case towards the 
end, where the general conclusions were stated. It was difficult 
for the reader to realize the great quantity of experimental work 
which the Authors had succeeded in accomplishing. Much 
remained to be done, and in several places the Paper must be held 
to open questions rather than settle them ; but, as it stood, it was 
undoubtedly the most important contribution which had yet been 
made towards the elucidation of that difficult matter — the action 
of the cylinder walls on the steam. It was all the more interesting 
that in several respects it conflicted with existing notions on the 
subject. On one matter of primary importance, namely, the time 
rate of condensation of steam on a metallic surface, he understood 
that one of the Authors had recently been making experiments by 
a more direct method, and it would be an advantage to have the 
results of these added to the Paper. He would be glad of fuller 
information as to the data from which it was inferred that the 
rate of evaporation was conditioned in the same way as the rate of 
condensation. It would be interesting also to know whether the 
rate of condensation was affected, to any considerable extent, by 
the presence of air mixed with the steam. It was at first sight 
somewhat startling to find the steam in the cylinder superheated 
during the admission part of the stroke ; but that was no doubt 
compatible with the presence of a quantity of water on the exposed 
surfaces. The condition of the mixture was then far from one of 
equilibrium, and it was conceivable that the main volume of the 
freshly-admitted steam should show superheating, while at the 
same time there was a layer of water condensed on the walls, 
so that the substance taken as a whole was wet. It would be 
very interesting to know whether the apparent fall of tempera- 
ture during expansion, to a value below that which corresponded 
to the indicated pressure, was due to a local reduction of pressure 
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Prof. Fidler. than the steam present at cut-off, and the trials would show initial 
evaporation instead of initial condensation. But in spite of this 
accidental defect of the engine, the Authors had obtained results 
which could not fail to be of interest to engineers who had attempted 
to devise a quantitative method for estimating condensation in 
the cylinder. The question was beset by innumerable difficulties, 
and while condensation w^ in progress at one part of the surface 
it was probable that evaporation had already begun at another. 
Confining attention to an unjacketed clearance surface, and neglect- 
ing the barrel or replacing it by an equivalent augmentation of 
clearance surface, a few equations, which must be true in all cases, 
could at once be written. Thus, after due allowance was made 
for the loss of heat by radiation, the metal might be brought into a 
debtor and creditor account ; and if a denoted the area contained 
between the two extreme phases of the Fourier curve, it would 
appear that the heat received from the steam at one part of the 
cycle and afterwards returned, must be ^^ = a c F, where F was 
the area of the surface. Whatever ambiguity might exist as to 
the exact form of the curve, this consideration was yet sufficient to 
show that in most cases the extreme range of temperature in the 
surface-temperature cycle must be far less than in the steam- 
temperature cycle ; for if it were not so, the quantity h^ would 
suffice to effect a much greater condensation than was generally 
observed. If the mean indicator diagram for a prolonged steam 
trial was analysed at a succession of points along the curves of 
compression and expansion it would give further indications as to 
the temperature changes at the wall-surface. By this analysis 
it was possible to fix, within close limits of error, the beginning 
and the end of each period in the alternating interchanges of heat 
— points which must apparently coincide with the two inter- 
sections of the curves of surface-temperature and of steam-tem- 
perature. And, at several points, it was possible also to calculate 
the varying rate at which heat was being transferred between 
the steam and the metal— or at all events between the steam and 
some external body whether metal or fluid. Plotting as abscissas 
the successive angular values, 0^ of the crank motion, and as ordi- 

nates the calculated differentials -7^^ a pair of curves might be 

traced, or partly traced, whose areas must, ex hypothesis represent the 
quantity of heat h^ as found by the actual trial. This curve, so fiur 
as it could be traced, would represent observed facts which were 
not dependent upon debatable opinions ; and although the curve 
could not be completed, at least its length, its average height, and a 
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few of its actual ordinates, were known. Then if it was true that Prof, Fi4Ur, 
the heat-lo68 (shown by analysis) had really passed into the metal, 
the foUowing relationships must be exhibited : — (1) The area of the 
curve above mentioned must represent the same quantity of heat 
as the area, a, of the Fourier curve. (2) The ordinates of the first- 
named curve must everywhere be proportional to the inclination 
of a tangent drawn to the corresponding Fourier curve at the wall- 
surface. Up to this point the equations were independent of any 
opinion that might be formed as to the causes which govern the 
• rate of transfer between steam and metal ; but again, if it was true 
that the rate of heat-transference was simply proportional to the 
instantaneous difference of temperature between the steam and 
the wall-surface, then the following relationships must also be 

dh 
exhibited: — (3) The observed ordinates j-r- should be all pro- 

portional to the temperature-differences or to the height inter- 
cepted between the curves of surface-temperature and steam- 
temperature; so that the surface-temperature curve could be (in 
part) constructed by simple addition or subtraction, or the curve 

-J- constructed from the observed cycle of surface temperatures, 

(4) Drawing at each successive phase of the cycle a tangent to 
the Fourier curve at the wall-surface, these tangents must all 
radiate from a single point so long as the pressure of the steam 
remained constant — as it did approximately during the period of 
admission, though not very closely. (6) If it were possible to 
assume, farther, that the restoration of heat was governed by the 
same law, then the two loops of the curve must either have equal 
areas or must exhibit only such a difference of area as could be 
attributed to known external gains and losses. With all these 
simultaneous equations in view, it was possible, without insisting 
on their accuracy, to see that the fluctuations of surfEice-temperature 
must have certain phases and must be conflned within certain 
limits of probable deviation. It might be interesting if some such 
comparisons could be made between the related quantities in the 
experiments recorded in the Paper; but it would be hopeless to 
attempt the analysis of a mean diagram if it were found (as in 
this case) that nearly nine-tenths of the steam missing at cut-off 
had to be written off as the probable leakage at the valve. From 
the imperfect, fragmentary evidences that could be obtained from 

experimental curves of ~.j it did not appear possible that the 

rate of transfer could depend wholly and simply on the tempera- 
[tbx dut. cjl vol. cxxxl] ^ 
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ti. ture-diOerence. It seemed to depend also on another Tariant, 
whioh might be either the density or the dryaess of the 
Bteam. 

Id. Mr. Maurice F, FitzGerald regarded the Paper as a valuable 
contribiitioQ to experimental knowledge of the temperature cycles 
in steam-engine cylinders, containing, as it did, a large nnmherof 
observations on points aa to which, np to the present, limited 
experimental information was obtainable. The Anthors' observa- 
tions might even be described as the first real attack, except that 
of fVofessor Hall, on the problem of directly measuring, with 
reasonable exactness, the cycle of temperatnre in a steam-engine, 
for either metal or steam ; mercurial thermometers being hopelessly 
alnggish for the purpose. The first general conclusion of the 
Authors, that the rate of condensation on the surface of the metal. J 
was simply proportional to the difference in temperature between m 
the steam temperature and the temperature of the wall, seemed to " 
be in fair accordance with the results of Mr. Bryan Donkin's and 
Colonel English's experiments.' The agreement was not close for 
small difFerenoea of temperature, of 3° or 4' only, between metal 
and steam, but with differences of 10" to 20° it appeared that 
condeuKation took place at rates, in Mr. Bryan Donkin's and 
Colonel English's experiments, not differing notably from that 
inferred by the Anthors, But, on the other hand, it appeared 
anomalous that there should be this agreement when, as Fig. 17 
would appear to show, the actual contact-difference of temperature 
between the steam and metal differed extremely from that between 
the general body of the steam and metal, and the " oondensation 
area," measured in Fig. 17, from the dotted curve, would be about 
three timesaslarge as that obtained from thefull line. On comparing 
the period of heat absorption in Fig. 14, with the position occnpted 
by the " condensation area " of the full line in Fig. IT, the time- 
temperature dotted curve of which resembled that of Fig. 14, it 
would appear that the " condensation area " actually occupied, aa 
fairly as might be judged, the part of the revolution in which 
heat absorption took place ; and if the law of proportionality put 
forward were the true account of the matter, he would expect the 
resulte to agree with a condensation area estimated from the dotted 
curve of Fig. 17, rather than the other. There was, therefore, 
reason to suspect that the law put forward might be really the 
result of a compensation of errors, and would not hold so nearly 
true in. other engines. But whatever might be the correct ex- 

' ProceodiugB of the InBtitution of Mechanical EDgineere for November, IHiNI 
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planatioD, he thought the presence of the layer of st«am Indi- ilr.ritiGantd 
cated by Fig. 17, mnBt be regarded as a discovery of the Anthers, 

and, uoleBs it prored to have been & mere pocket of eteam in 

the l-inch hole referred to, a discovery of some uoportaaoe. He 
did not think the presence of a layer of steam, with metal on one 
side and steam on the other, both many degrees colder than itself 
towards the end of the lead, conld have been anticipated as 
probable, or, is the absence of distinct evideace of its esistenoe, 
even credible. He had examined a good many diagrams some 
years ago,^ and in all it appeared that, taking the steam on the 
whole as saturated np to cnt-off, a large amount of condensation 
must have occurred daring admission, and no moderate amonnt of 
superheating would modify this result, while special experiments 
made on a large Corliss engine, in which the indicator showed 
only the part of the diagram belonging to compression on an 
extended horizontal scale, appeared to show that, reckoned as 
saturated steam, there was little or no change in the quantity 
of steam present during compression till the admission- valve 
opened ; the slight apparent variation of the weight of steam 
present being probably folly accounted for by superheating. 
There was thus evidence against the highly superheated layer, 
found by the Authors in their engine, existing after admission 
began, as it was difBcult to conceive how oondensutioo oould go 
on eo long as it existed. Fig. 17 appeared to be a complete over- 
throw of all the usual expressions as to sudden condensation on 
cold surfaces during lead and admission, and so forth, commonly 
regarded as almost axiomatic, and he would expect that it would 
with difBculty be accepted as a true record of facts. He suggested 
that condensation might take place under and through a super- 
heated layer of the kind if the vapour near the metal surface 
consisted, like a gaa, of molecules having velocities ditferiug 
widely among themselvea, through having a definite average 
energy, and that the surface of condensation selected the slow- 
moving molecules for absorption into itself in a marked manner. 
A room full of flies could be imagined, some active, others lacy, 
the walls papered with sticky fly-catoher, which captured tlie 
lazy flies near them so quickly that an observer near the wall 
would find that the flies in the air there were nearly all 
moving quickly. If the flies were considered as steam inoleoulea, 
and the fly-catching paper cold metal, the desciiptiou applied 

■ Beport of the British ABBOoiatioD for tbo AilvnniKunctit of Soioiioe, liUia, 
p. 819. 
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Kr.FHiGerald. to the oaao. The principal objection seemed to be that no 
evidence of the eiistence of a high -temperature layer next a 
condensing surface, while steady condensation was in progresg, 
had ever lieen produced; but it did not appear to have been 
ever looked for deliberately. The remarks on pp. 28-29, on the 
dynamical conditions of equilibrium of eKpanding steam, were 

I interesting. The difficulty of dealing with the events which took 

place during the tranaition from a state of things in which the 
kinetic theory of gases applied mora or lesa perfectly, to one in 
which drops, large enough to have aurfaco-tension, but not bo 
large, perhaps, aa to be immeasurably removed from molecular 
dimensions, was very great, both theoretically and experimentally. 
It could, however, be shown, without diificulty, that if drops were 
supposed to exist, of less than raicroscopio size, somewhat larger 
than the limiting size of statical equilibrium, the work done 
against surface-tension in enlarging them by condensation might 
absorb so much of the heat of condensation set free as to leave 
little to supply the balance referred to by the Authors, unless tho I 
rate of condensation were extremely high, and, with drops small ' 

I enough, the possible rata of condensation might be sensibly 

modified by the number of molecules enconntered per second 
being in reality limited. The painstaking care of the Authors, in 
making the troublesome calculations necessary for verifying the 
statements as to the precise effect on the surface-range and heat 
absorption of the peaked curve, Fig. 14, as compared with, tho 
simple harmonic one, Fiij. 15, as well as in other points, like the 
mettsurement of tho conductivity of the cast-iron used, rendered 
the Paper particularly valuable. The investigations as to valvfr- 
and pis ton- leak age seemed also worthy of further pursuit, as 
the conclusions arrived at seemed hardly to tally with thB 
circumstance that stuffing-boxes, at any rate, could be mada ' 
" drop-tight " under hydraulic pressures much heavier than any 
steam pressures. He had not any clear or decisive experience to 
prove or disprove whether sliding- surfaces of metal could be mado' 
equally tight. Different forms of fitting-surfaces, and kinds of' 
relative motion, greatly affected the tendency to draw in or squeeze 
out a liquid film between them. This was shown by the great 
difference in behaviour of cylindrical shaft bearings and end- or 
collar-bearings, so that it would be unsafe to dogmatize on the 
matter in tho absence of direct experiment, but the general 
behaviour of slide-bars and blocks, in respect of lubrication, when 
grooved at sufficiently close intervals, was oousistent with the i 
Authors' hypothesis. ^H 
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Prof. M. F. GuTERMTTTH, of Darmstadt, thought the trials Prof. CKii 
described in the Paper not only led to most important results, as ^^^' 
to the interchange of heat between the cylinder-wall and steam 
in the experimental engine, bnt gave a practical basis for the 
judgment of the similar proceedings in other steam-engines under 
different circumstances. He regarded the experiments as a 
marked advance towards the explanation of the complicated 
process in the steam-cylinder wheo at work. 

Prof. D. S. Jacobus, of Hoboken, N.J., considered the approxi- Prof. J»c 
mate formula, by which a condensation factor C had been derived, 
of special interest. A similar factor had been deduced for tests 
made by Prof. Denton and himself in 1888 on a simple engine of 
17-inch bore and 30-inch stroke, mnning non-condensing. Any 
formula for the condensation must necessarily be approximate. 
In the Tables giving the results of their tests, a factor was 
deduced which represented the heat-equivalent of the conden- 
sation per stroke divided by the product of the time of admission, 
the surface exposed, the point of cut-off, and the difference of 
temperature between the steam admitted to the cylinder and the 
steam at release.^ This factor had been suggested by liankine, in 
discussing the famous experiments of Isherwood on the steamer 
"Michigan," which afforded the first systematic data for the 
appreciation of the important influence exerted by the phenomena 
of cylinder-condensation upon economy.^ The tests to wliioh he 
referred were specially adapted for determining the constancy of 
such a ratio for a given engine, as the speed varied between 9 revolu- 
tions and 70 revolutions per minute, and the cut-off from 7 per cent, 
to 60 per cent, of the stroke; the variation in IIP. being from 
about 10 to 150. These factors were found to vary considoralily 
and to be largest for a given cut-off when the speed was highest. 
In studying these figures, it seemed probable, that, if the conden- 
sation were assumed to be proportional to the time of aduiission 
raised to some power less than unity, the results would fall more 
in line with each other. This was equivalent to assuming that 
the rate of condensation at the instant tliat the steam struck the 
metal surface was greater than the rate of condensation at any 
succeeding interval and decreased as some ]:>ower of the time. 
The results of all the experiments, except those in which the 
steam was throttled, and some special experiments in which there 



> TiansactioiiB of the American Society of Mechanical Engineers, toL x. 
p. 722. 

> TransactionB of the InBtiiuiion of Engincerv in Scotland, 1861-62. 
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Prof. Jtcobai. was a very low boiler-pressure, were employed to determine the 
exponent of the time. This exponent was found to be 0'68 in 
their tests, and the missiog quaotity in British thermal units 
per stroke, divided by the product of the temperature raised 
to this power, the surface in square feet to ont-off and a range of 
temperature from admission to the end of expansion, was found to 
be much more nearly constant than the simple factor obtained 
by dividing by the time, surface and range. Designating the 
missiog quantity in British thermal units per stroke by Q, the 
time of admission by 1, the exponent of 0' 68 by y, the surface to 
the ont-off by S, and the range of temperature from admission 
to release by R, the average results of the experiments gave 
QH-CSR = 0-29. The highest value of this ratio was 0-4] and 

I the lowest 0'22. A similar ratio was then obtained for Willans' 

tests, where the low-pressure cylinder was mn as a non-condensiog 
simple engine, and the average of all the teste was fonnd to be 
0-31 ; the highest value being 0'4 and the lowest 0-18. This 
was a remarkable agreement for two engines of snch distinct 
types, the Willans engine being of 14-inGh bore and 6 inches 
stroke, running at 400 revolutions per minute ; whereas the i 
engine on which their tests were made was of a much largei f 
size and ran at a low speed. The factors for each of these testa J 
were given in col, 10, Table 1, and the factor C, described in the ' 
Paper, in ool. 12, An examination of Table I, p. 103. would 
show that the factor C varied to a greater extent than the factor 
given in col. 10. The factors for Willans' steam-engine trials 
were given in Table II, p. 1 04, which showed that the same remarks ' 
applied to the constancy of the two factors, as in the case of their 1 
tests, the ratio of Q -^ C S B being more clearly constant than the 1 
factor C. If the pressure at release was greatly different from 1 
that of the atmosphere, the missing quantity divided byl'SILj 
might be considerably different from the value of 0-3 herfr'T 
deduced, which might be assumed to apply only to unjacketed 
engines cutting off at less than 0*6 stroke and exhausting against 
atmospheric pressure. The time of admission was taken as the 
time required for the crank to move from 10°, before the dead- 
centre point to the point of cut-off; or, if a be the angle from the J 
dead centre to the point of cut-off and N the number of revolntiona I 



per minute, the time of admission would be 
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s the clearance-surface, and that portion of the sur 
der and piston-rod exposed to the point of cut-off, 
the leakage correction, given in Table VI, p. 34, 
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greater than the corrected feed- water used by the engine. Al though Prof. Jao 
the experiments determining this leakage appeared to have been 



Table I. 

Simple engine— 17-inch bore ; 29i-inch stroke; rods 2^ inches and 2 J inches 

in diameter. 
Clearance surface = 5*81 sq. feet Average clearance volume = 6*3 per cent. 
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'rof. Pwbody. that high-Bpeed engines with, piston-valves or balanced valves 
often showed very poor economy in their use of steam. These 
tests showed very clearly that the condition of the surface exposed 

I to the entering steam had mnch to do with the effect that sotfaoQ 

had in prodncing condensation. On p. 10 it appeared that the 
fluctuation of the surface temperatnre of the head was 4^- 9, while 
that of the adjoining barrel surface was 13°'5. Again, on p. 22 
it appeared that nearly equal surfaces at the side of the head and 
the side of the barret were accredited with T'J thermal units and 
123 thermal units per minute ; that was, the metal at the side was 
nearly one and a half times as active as that of the head. Now the 
surface of the barrel was polished and kept clean by the rubbing 
of the piston, while that of the head was probably merely turned, 

I and must have been more or less fouled with grease and dirt 

Considering the surfaces of the porta, that were coramonly cored 
out in the casting and were afterwards cleared from sand as well 
as might bo by pickling or otherwise, was it not probable that they 
were less active than the surface of the head ? It appeared probable 
that all investigators of condensation had over-estimated the 
influence of the clearance surface, onless these same surfaces were 
considered to be steam-jacketed; then they were assumed to be 
entirely innoouous. The conclusion that it was unnecessary to 
jacket the barrel of a cylinder provided the heads were jacketed 
did not follow from these tests. Such a conclusion required testi 
with and without steam in a jacketed engine, and such testa showed 
just the contrary. For example, three series of tests on the 
engine in the laboratory of the Massachusetts Institute of 
Technology,' with steam in the jackets on both barrels mi, 
heads, with steam in tlie jackets on the heads only, and with', 
steam in none of the jackets, showed that jacketing the headt 
only gave a gain of about 3 per cent., while jacketing both 
barrels and heads gave a gain of about 14 per cent. The Authoi 
reported that the indicators were tested as nearly as possible ' 
under the conditions of the trials, but did not give the probable 
errors of the indicators except as incidentally they concluded 
they were less than the difference between the temperatures 
of the steam as inferred from the indicator diagrams, and as 
measured by the platinum thermometer. The maximum error 
of the thermometer appeared to be not more than 0'5° and the 
discrepancies referred to appeared to be 2° or 3°, which at 300° F. 
corresponded to about as many lbs. per square inch— an error 



' TitLUBBctiQua of HiB American SucLct; of M(;i;baiiicBl Eugineers, vol, ■ 
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which might birly be ftttribaled to tha indicMtor nolesa thkt Pnf' I^ 
instrament was tested by some method that wms man nli*ble 

that those used by the makers. 

Mr. W. W. F- Ptlles noticed thkt th« Authors' piston platinnm Mr. Tull 
thermometer iras firet nsod in » hole in the cylinder cover, and 
that the dotted cnrre, Fiy. 17, represented the variation of 
temperatare it indicated in that position. It would be interest- 
ing if the Anthers conld give data from which a drawing of the 
thermometer in the position stated, together with that portion of 
the cover in the immediate neighbonrhood of the thermometer, 
conld be oonstmcted, as the indicated temperature of the stf>aui 
varied bo widely from that obtained when the thermometer waa 
placed in the piston. It would appear that the steam in the tulie 
surrounding the thermometer, when fixed in the cover, was highly 
Buperheated near the end of compression, while only a few 
degrees of snperheat were noticed when the thermometer waa 
£xed in the piston and occupied a similar position at the end 
of the stroke. It was not mentioned whether steam was admitted 
into the jacketed cylinder cover during any of the experiments, 
and what was the difference in the platinimi thermometer curve 
when steam waa and was not admitted to the cover. He believed 
that a more extended description of the Authors' very beautiful 
platinum thermometer would be mnch appreciated. 

Professor Bobkrt H. Surra desired to add his tribute of admira- Ptof Smith, 
tion of this Paper and the experimental work it descrilwd, which 
he regarded of the highest scientific character. IIb had long 
considered the method of thermo-electric measurement of the 
variation of cylinder temperature aa the only method capable of 
giving accurate results, but it involved many instrumental 
obstacles. These difficulties were not even indicated in the I'uper. 
Attempts to use the method had previously been made both at 
Harvard and at SibJey College, but without substantial sucoesa. 
The greatest merit of the present work lay in the fact that specia! 
experimental dexterity seemed to have overcome these obstaolos. 
The electrical registration of a slowly changing temperature had 
for long been easy; the problem of accurately following and 
registering a very rapidly varying temperature was wholly 
different, and immensely more difficult. He hoiwd, therefore, the 
Authors would furnish a detailed account of their apparatus and 
mode of using it. The method of the "condensation area" 
appeared very successful. Its principle, that of finding the liino- 
aversge of the ditt'erence of temj^rature between the stonni and 
Ithfl metal, and oiultijilying this by the area of the uiotat anrfuoo 
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l>Tor. Smitb. exposed to this difiereDce, waa the same as that need in the final 
calculation he had given ' in 1888 ; but at that time neither the 
average metal -surface temperature nor its variationB Lad been 
measured. The "limited rate of condensation " appeared to be 
due largely, if not wholly, to surface resistance to conduction of 
heat. In Peclet's and all other rules for the conduction of heat 
through boiler-plates, it was seen that the greater part of the 
resistance to cOTiduction was credited to surface-resistance. In 
the transmission of every other kind of energy, viz , sound, light, 
Ac., the passage through the dividing surface between two 
portions of different kinds of material was obstructed so as to give 
rise to a difference of energy-potential on the two sides of the 
dividing surface; and it was only reasonable to suppose that a 
similar phenomenon occurred in the conduction of heat-energy, 
giving rise to a temperature- difference. He demurred to the 
Authors' statflment that it had been hitherto universally supposed 
that the rate of condensation of steam upon a metal surface of 
lower temperature was infinite. Engineers who, in considering 
the matter, had remembered Peclet's well-known results in heat- 
conduction from gases through metal plates to water, must have 
recognized that in steam-metal heat-conduotion there was probably, 
and almost certainly, a surface-resistance which would make the 
condensation rate a strictly finite one, however great the steam- ^ 
metal tflmperature-difference might be. In one set of eiperimenta 
only did the Authors appear to have measured the temperature 
close as yJn inch to the inside surface, and they did not use ( 
results of these experiments in their sabsequent work, relyi 
solely on the readings at ^'^ inch and greater depths. This \ 
. disappointing, and it would be of great value if they would statfl 
what instniinental difficulties prevented the continuance of tbd 
measurements at y/,^ inch. It would appear practicable lO 
arrange the contact at this and even a less depth without a bIoff< 
through of steam, and he could not think of any other hindranofl 
The result was that the Authors had to rely upon a somewha 
uncertain calculation of surface temperature from measurement 
taken so far away as ,'5 inch. On page 20, for Trial XIX, 
Authors calculated a maximum surface temperature by adding hei 
the range of 2U° i\ to the mean wall- temperature, 2[ll° F., obtainin 
301° F. But from the diagrams given it would appear that tl 
addition of seven-tenths to eight-tenths of the range to the mos 
would be a fairer calculation of the maximum. If three-fonrtl 



' MiuutcB uf rrtKMicdiUEB hint. C.B., vol. iciii. pp. 285-232. 
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inBtead of one-littlf of 20° F. were added to 291° F., since the resnlt Prof. S 
was to be subtracted from only 328° F., the resiilting difFerenco, 
namely, 27" F., or only 22° F., would be largely affected. Regard- 
ing Fig. IS, p. 25, the Authors stated that the sniall diBere[>ancie9 
between indicator and piatinum-thormometer readings were so 
regular and conaUtent, that they " cannot bo attributed either to 
errors of tlie indicator or of the thermoiaeter." This conclusion 
appeared baaed upon the vertical differences on the diagram. It 
would be noticed that horizontally the differences all corresponded 
closely with what might be due to the well-known horizontal 
displacement of the indicator-diagram due to the variation of the 
stretch of the indicator-cord. He had little dooht that the 
Authors were correct in attributing to valve-leakage a greater 
relative importance than haa previously been given to it. If the 
valve-leakage depended on deformation of the faces and seats due 
more to unequal -temperature Btraina than to mechanical pressure, 
it would indicate great superiority in this respect in piston over 
flat slide-valves, and the great importance would also be deduced 
of equal and opposite ports, so that the flow of steam should be 
symmetrically divided, and equal temperatures, as far as may be, 
thus maintained. As the to-and-fro motion of the valve was so 
important in increasing leakage, it appeared strange that the 
Bpeed of reciprocation should have no visible influence on it : this 
point seemed worthy of considerable further investigation. The 
conditions of heating of a single-acting cylinder were much less 
complex than those of a double-acting cylinder, and were, therefore, 
much more favourable to the reliable deduction of concluaions from 
eiperimental results ; but it might perhaps have been useful to 
emphasize more than the Authors had in the Paper, that the 
numerical results for double-acting cylinders roaat certainly differ 
very widely from those obtained by the Authors for single-acting 
cylinders. He thought, in the consideration of thia subject, the 
Paper ' contributed to the Institution by Mesars. Baraclough and 
Marks upon their extended experimental work under Profesaor 
Carpenter, at Sibley College, a highly important one. This work 
had been carried out most systematically, and the Paper appeared 
not to have received the attention due to its scientific character 
and the amount of new information it afforded. 

Professor E. H. Tuurston thought the Paper should be welcomed Prof.Thnr>tot 
as the most complete statement as to the condensation of steam 
in the cylinder that had yet been preaented to engineers. The 
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a. method had been admittedly important, bat hitherto unfiTiitfnl in 
most instances. The apparatus used by the Authors would seem 
to have proved itself exeeptionally well fitted to the work; it 
certainly had been used by skilled and painstaking hands. AH 
information relative to this form of engine waste had been derived 
hitherto through the study of the steam cycle, the presaure- 
volume diagram, and the heat-supplj. It long ago became 
obvious to the observer in this field that the temperature and 
heat-cycle of the metal of the engine cylinder must be observed 
accurately, as well as that of the steam, to give the needed 
data for a complete understanding and computation of the heat- 
wastes of the machine. Some 20 years ago Mr. A. A. Wilson, 
testing pumping-engines designed by him for the City of Chicago, 
attempted to secure measurements of fluctuation of temperature of 
cylinder- wall by the use of thermometers, and, naturally, failed to 
obtain anything but a record of the mean for the engine-cycle.^ 
Before the work of Professor Hall was begun, Mr. Churchill, in the J 
Sibley College steam-engine laboratory, experimented for a long's 
time upon the same subject, using the electric current as his'^ 
measure of temperature of the metal, and gauging the resistance 
by a Wheatstone Bridge. He found the temperature constant, 
apparently, at a depth beneath the interior sarface of the cylinder- 
wall of 0'238 inch, measured a fluctuation of I7T, at 0-115 inch, 
and of 25° F. at 0-0426 inch. The speed of the engine was 
308 revolutions per minute. The load was light and the steam 
temperature at entrance was 300° F.* A number of other more or 
less similar investigations had been made ; but none had given 
satisfactory determinations. Those reported in the Paper seemed 
far more perfect in their exhibition of the internal action of the 
engine than any hitherto made. It might prove interesting to J 
compare with the diagrams here given, by these later inveaU- T 
gators, those obtained in Sibley College laboratories some yeaitt ■ 
ago; Mr. E. T. Adams, the investigator, using a curiously 1 
ingenious and strikingly effective system of photographically! 
recording the temperature-cycle.^ The method consisted, 
brief, in the insertion of a thermo-couple at a measured depth I 
into the cylinder- wall, thus following the fluctuations of temper»-| 
ture of the metal. The current of the pile operated a galvi 
meter of enormously high rate of vibration, and a mirrorj 

■ " Manual of tha Steam-Eugine," part i. p, 493. 
' '' Copier's Macazine," 18D5, aad TraiiBBttiana of iJie American Society a 
Mechanical Engineeis, 1B95, pp. 145-7. ^ 

' Ibid. 
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fixed npom the needle, refleoted a ray of light upon a sensitive Piof.Tho] 
plate compelled to move synohrononsly with the engine-piston. 
The diagram thus produced was the pressure-volume diagram, as 
taken with the ** indicator," transformed into a temperature- 
volume diagram ; the pair exhibiting the simultaneous variations 
of temperature and pressure, Figa, *28. Many months had been 
spent l^ Mr. Adams upon his experiments, and a large proportion 
of the time was given to the attempt to produce thermo-piles, at 
once delicate, accurate and durable. These investigations had 
now been in progress for several years, and their success bad 
enoourag^ continuance of the work. The diagrams reproduced 
the changes due to heat-flow y^ inch below the interior surface 
of the oylinder-wall. The particularly interesting point to be 
here noted was the singular and unexpected rise in temperature 
of the metal of the cylinder-head the instant after exhaust had 
oooorred. Whether the diagram 

Fig$. 28, 

h 






I 



o 



! 




PISTON TIIAVBI. 




thus automatically produced 
was in any way misleading, or 
whether it actually represented 
correctly a curious and unantici- 
pated phenomenon, it was evident 
that something occurred at that 
point the revelation of which 
was likely to throw light upon 
the working of the engine in this 
respect. His own explanation 
was,^ that the outrush of steam 
at the opening of the exhaust- 
valve cooled the face of the 
metal almost instantly to a 
minimum temperature; while, 

immediately after, the current having ceased to flow past 
with such exaggerated efifect in refrigeration, the store of heat 
just under the surface, in the cylinder-wall, at once raised the 
temperature again to a new maximum, the cooling taking place 
again more gradually. Corresponding portions of the steam and 
metal diagrams were similarly lettered. The dotted line from 
D" to C, Fig. 28 J showed what, presumably, would have happened 
had the outflow of steam at exhaust been as slow and smooth as 
during the return stroke. The rapid cooling period was that 
evidently during which the water which might have condensed 

' "Cassier'a Magazine," 1895, and Transactions of the American Society of 
Mechanical Engineers, 1895, pp. 445-7. 
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'rof. Thurston, upon the wall wa« again vapori/.ing. A singularly interesting 
oharacteriatio of the reBuIta thus obtained at Sibley College, 
and also of those presented in the Paper, and one strongly 

» corroborating thein, was the close reHenihlance of the curves 

produced as their graphical representation ta those derived 
liy mathematical investigation as given hy Dr. Kirsch as his 
Bcientifio prophecy of the fact.^ In his remarkable discnssion 
he gave not only the same general method of variation 
of the temperature and the same relation of its waves as was 
shown in Fig. 13, but showed snbstantially the same form of tem-, 
perature-oycle for the engine as was exhibited in Figg. 5, 6, et a^q? 
The temperature -cycle for the metal was found, both by theoretical 
investigation and by experiment, to be, as woald have been anti- 
cipated, a reproduction of that of the steam, with, however, tha I 
corners rounded off and the amplitude of its temperature -range I 
greatly restricted, and more and more so as the depth of metal I 
became greater. A study of these later results of research, with ' 
Kirsch as commentary, was exceedingly interesting, and must 
aid greatly in clarifying a subject hitherto exceedingly obscure. 
Kirsch had given the qualitative, and the Authors' investigations, 
^ now gave the quantitative, determination of results. The ona 

H vital datum lacking had hitherto been the relation between th^ 

^1 temperatures of the steam and of the cylinder-wall in oontaot 

^1 with it. It was in this direction that experiment now largel/'l 

^1 tended. It seemed somewhat remarkable that 133 years ahonld- i 

^F have elapsed since Watt first measured the internal wastes of thft J 

Newcomen engine model of the University of Glasgow,^ and tha 
it should only now be possible to intelligently describe and 
approximately measure the fluctuations of temperature in thM 
engine-cylinder to which those wastes were by him attribute 
It was 45 years since the late Mr. D. K. Clark,* M. Inst. O.B.J 
repeated Watt's measurements on the railway, over 40 years si 
the great Alsatian, Hirn, measured those losses on station! 



' "Die Bewe^Dg der Wume in den CjlindecwBadnngea der Di 
maacLiuB," Dr. Kirsch, Leipzig, Verlng too Arthur Felii. I«8a ; s,Ibd Thw 
" Manual of the Steaai-Engina," New York, J. Wiley & Bona ; and LmidM 
Chapmaa & Hall, Part I, Figa. HI, 112. 

' Ibid, pp. 13a tt teq. 

' " Hiatory of the Steam-Engine," Thurston ; New Tort, D. AppletOD k C 
and London, C. Keean Puul & Co.. 1S7S, p. 85. 

' " Railway Machinery," London, 1851 ; " Eipaneive Working of Steam ix 
LocomotiveB," Proceeiiinge of the Institution of Mechanical Engineere, 1""" 
p. GO ; Minutes of I'loceedinga luat. C.E., vol. Ixxii. p. 275. 
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engines,^ and over 30 years since Isherwood,^ repeated that work Prrf.Tfc 
on marine engines. So difficult of observation and measurement 
had been these flnctnating temperatures of the cylinder-wall that 
all the resources of modem physical science had failed to reveal 
their precise method and the extent of their variation, until now, 
except through such academic studies as were made, first, by 
Professor Cotterill,^ M. Inst. C.E., and, later, by Kirsch, adopting 
what might, perhaps, be called the Fourierian system of investi- 
gation.' Writing of Mr. Adams' remarkable research. Professor 
^^welshauvers-Dery concluded*: "Ces diagrams confirment les 
idees que Him a emises et que je n'ai cess6 de defendre. lis 
montrent I'importance qu'il faut attacher a bien proti'^ger le 

cylindre centre les refroi- 

¥ig9, 29. 
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dissements ; a en entretenir 
la haute temperature par le 
moyen d'enveloppes com- 
pletes a vapeur ; a diminuer 
autant que possible les con- 
duits ; enfin k enduire oelles 
de oes surfaces qui ne sent 
pas exposees au frottement 
du piston d'une substance, 
quelconque, huile on vemis, 
qui arrete la transmission 
de la chaleur et augmente 
la resistance de la oouche 
superficielle du metal, me- 
thode precoDisee par le 

Profeoseur Thurston-** As illustrating the latter action, thus 
advocated, the suooeeding figures {Fign. 29) showed the results 
of similar experiments made by Professor A. Barnes, in the 
course of his work in Sibley College, with the heat-measurements 
taken at a greater depth within the cylinder-wall, and with a 
non-<xiiiducting coating employed to check the heat-waste. The 
diagram (a) was the steam-engine indicator or preasure-Tolume 
dia^pnam ; (6) was a time-temperature diagram with the cylinder- 
wall <^eaji; (c) showed the effect of simply oiling it; while 
(d) gave the results of ooatiog it with a mixture of oil and 
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* * Engrneeaing EeBeajchea," 2 voIb., Philadelphia, 186S, 1W55. 

» *The BteatD-EDgine," 1878. 

« Beme G«D«rale den BcieDoeB, 1895, p. 773. 
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rof. ThuTston. graphite. The most effective system yet employed in carrying 
this proposal into effect was that of securing first a porous super- 
ficial coating and then filling this with a drying oil. This had 
been found to reduce these heat-wastes very greatly, and to 
increase the economy of the machine some 10 per cent, or more.^ 
This fact might, perhaps, throw some light upon the phenomenon 
referred to by the Authors, when induced to speculate upon the 
probable effect of a surface coating of grease. He had found that, 
by simply wiping such a surface with a greasy cloth, and rubbing 
as clean as practicable, the surface-conductivity, or resistance, 
was modified 10 per cent.^ The oils and greases were almost 
perfect non-conductors with respect to electrical currents; they 
were also effective interceptors of heat-currents. The Authors' 
conclusions and deductions from this admirable investigation 
seemed to him generally well sustained, both by his own and 
by other researches, of which they were in turn confirmatory. 
They computed a heat-transfer of • 74 thermal units per second 
(44 thermal units per minute) per square foot per 1° F. tempera- 
ture range, measured between the steam and the cylinder-wall. 
His own experiments, of many years ago, gave one-third this 
quantity per degree of difference between steam and exhaust 
temperatures, which was not vdry far different, and Professor 
• Cotterill's results, reduced to the same system of scale, would 
accord fairly well. 

The effect of wetness of steam was probably still an unsolved 
problem. Experiments at Sibley College, and those of others 
upon engines with low expansion-ratios, proved it to be un- 
important ; but it remained to be determined what was the 
effect of the presence of water in the working steam, with large 
expansion-ratios and in large engines. It seemed to be the con- 
viction of engineers of experience that its presence was decidedly 
objectionable in such cases, on the score of deleterious effect upon 
economy, as well as for other and more obvious reasons. It was 
certain that the reverse, the superheating of the steam, even but a 
few degrees, had a decidedly good influence, and effects marked 
economy. The conclusions of the Authors relative to the effect of 
varying cut-off (page 45), must be read, having in view the fact 
that they resulted from experiments upon a small, simple, un- 
economical engine, and one in which a three-ported valve was 



* "The Final Improvement of the Steam-Engino," Transactions of the 
United States Naval Institute, 1892. 
=» Ibid. 
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employed which complicated every case by its necessary variation PrftCTlivi 
of the ratio of compression with that of the ratio of expansion. 
His own formnla, there referred to, related to the more nsnal oase 
of a fairly economical type of engine, with separated steam- and 
exhanst-valves and no compression, or none variable by the regu- 
lating mechanism. He should expect their proposed formnla, how- 
ever, to prove a better expression for nse in connection with the 
now common '* automatic " type of small engine. Mr. A. L. Rice, 
of the Pratt Institnte, Brooklyn, had, while at Sibley College, 
made a very complete examination of the various expressions 
proposed by investigators to date, and constructed the modified 

formula — 

_ C (r - I). 

in which a was usually about 0*5, but varied somewhat with 
pressures, and h was about 0*4, varying somewhat similarly, and 
C was about 100, and of the values of wliicli constants he gave 
the figures for a wide range of working conditions, and thus 
secured practical coincidence with all accopted experimental 
determinations. The average varied but 0*2 per cent., where 
Professor Thurston's formula, as employed for many years past, Lad 
an average variation of 2 per cent, or 3 per cent.^ lie thought 
that engineers compelled to deal with such computations would 
oome to the adoption of the simplest form of his own measure, 
z = a tjr^ finding values of a for the type and class of engine 
with which they had to deal, and avoiding all other complica- 
tions. He did not see how the action of leakage could be taken 
into account. It was purely accidental, without law, varying 
with different engines enormously, and with the same engine 
constantly. It might be a serious tax on the engine to-day, and, 
the engine-driver discovering it, it might be checked and become 
nil to-morrow. So far as it occurred its effect was practically the 
same as that of equal initial condensation. The Authors were 
entitled to thanks for having thrown some light upon its method 
of occurrence on the process of flow. The reference of the magni- 
tude of the heat-waste to the fluctuation of the now-ascertained 
temperatures of the cylinder- wall gave important and previously- 
lacking knowledge of the case. The next essential for the 
purposes of the designer and of the practitioner was a reliable 
system of reducing his computations to expressions of relation 



* Transactions of the American Society of Mechaniciil Engineers, vol. xviii. 
p. 950. 
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FiofTharstnn. between that variatioa and the variation of steam temperatiiracfl 
and pressures, in such manner that he might compute probabktfl 
loBses from the indicator diiLgram, or itB ideal as laid down u 
his drawiog-board. Lacking this conaecting link, he had I 
compelled to adhere to the original form of expression for tid 
waste, as deduced many years ago— 



I 



ft 

I 



in which the percentage — the fracflon, rather — of condensation 
waa measured by a function of r the ratio of expansion, I the 
time, in seconds, of 1 revolution, and d the diameter of the cylinder 
in inches; the values of the constant a, for suoh case, being 
approximately 4 for the simple engine, unjacketed. External 
wastes were taken as 0-5 B.T.U. per square foot per hour per 
degree difference of temperature between steam and anrrounding 
air.' The whole subject was one of intense interest, as it was of 
serious practical importance, and the Authors' investigation must 
rank among the most famous, as it unquestionably ranked among 
the most extensive, elaborate, ingenious and fruitful of its class. 
Its prosecution and its outcome entitled the Authors to the thanks 
of the profession. They had entered an important and promising 
field of experimental work. 
8. The AuTKORS, in reply to the Correspondence, regretted that, 
owing to the lateness of the mail, they had had only 2 daya to 
consider the points urged by the various writers. They hoped 
that they had not in consequence overlooked any important ques- 
tions. The performance of their engine had been severely criticised 
in respect of leakage, and it had been suggested that the correctness 
of their conclusions had thereby been seriously affected. They could 
not insist too strongly that the fundamental advantage of their 
method of investigation, as compared with Him's analysis, was 
that the results were entirely independent of leakage. It was 
also immaterial in their method, so far as the main conclusions 
were concerned, whether the engines were large or small, single or 
double-acting, condensing or non-condensing. The leakage of the 
Kobb engine was not abnormal, but compared favourably with 
that of other engines. They had proved this by experiments 
under the conditions of running, and not merely by the usual 
stationary tests, which they had shown to be inadequate. It was 
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not fair to take a high-speed engine, with a relatively large The Authon. 

balanced valve, and work ont its steam-consnmption single-acting 

at one-qnarter of its normal speed. Taking the Robb engine, 

working at one-half cnt-off and 250 revolntions per minnte, with 

steam at 100 lbs. per square inch pressure, as fairly representing 

the average practice in mills where snch engines were used ; it 

would develop 90 LHP., double-acting, non-condensing, with a 

consumption of about 35 lbs. per I.HP. Only 3 lbs. per I.HP. 

would then be debited to leakage, which, as they had stated in the 

Paper, was not an unreasonable proportion for so small and simple 

a machine. 

It was incorrect for Prof. Fidler to suppose that, if the Authors* 
correction for leakage were applied to the results of Willans 
and other observers, the missing quantity would disappear wholly 
from the account. This statement rested on a complete mis- 
apprehension, which it was important to remove. The leakage 
was very different for diflferent valves, but could be approximately 
estimated by the Authors' formula, p. 32, provided that the fit 
were the same. For instance, the leak calculated for the valve of 

S*50 
the Willans engine in trial 177^, assuming the same closeness of 

fit as in the Eobb engine, would amount to between 20 lbs. and 
30 lbs. out of a total missing quantity of 90 lbs. By actual 
experiment, following the Willans method, the Authors had found 
much larger values of the leakage. They attributed this to wear 
of the piston-rings, and to leakage of the cut-ofif ring. Much 
smaller values might no doubt be obtained by the use of new and 
tight piston-rings under the conditions obtaining in a factory. 
That the leakage of a valve in motion was not always a purely 
accidental circumstance, without law, and constantly varying for 
the same valve, as stated by Professor Thurston, might be inferred 
from the Authors' tests, which they believed to be the only 
measurements hitherto published under conditions which approxi- * 
mated to those of actual running. They had recently re-determined 
the leakage of the Eobb engine-valve in the same manner, after 
an interval of more than 2 years of constant use, during which 
the valve had not been scraped or re-fitted, or the engine repaired 
in any manner. The results were in precise agreement with 
those given in the Paper. 

Him's analysis rested on the assumption that steam during 
expansion, and in rapid vertical motion, followed the laws of 
statical equilibrium, which was known from other experiments 
not to be the case. It also depended on difficult and delicate 
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The AuthoTi. measurements of indicator diagrams, and assumed that the leakage 
at different points of the stroke was negligible. The Authors, 
therefore, considered that this method oonld not be applied 
, with any reason except to specially designed, large, low-speed 
engines, like Him's, where the expansion was slow, and the leakage 
relatively small. Even in this case they considered that the 
leakage should be measured under the conditions of running, and 
that corrections should be applied for it as far as possible at 
different points of the stroke by some such method as that which 
they had indicated. Hirn's method of deducing the heat exchange 
from card measurements had been described by Professor Fidler, 
who proposed to go further and to differentiate these curves of 
boat flow. Considering the imperfect and fragmentary character 
of the original curves, and the variety of possible sources of con- 
stant error, there was grave danger that the differentiated curves, 
if they did not depend upon debatable opinions, would afford wide 
scope for the exercise of taste in the matter of interpretation. It 

would be interesting to know whether such curves of -j- had 

a t 

boon published, and what was the nature of the evidence to be 
ilorivod from them that the rate of heat-transference did not 
d(>pond on the temperature-difference. The Authors had themselves 
ohtainod dooidod evidence that the condensation and subsequent 
ro- evaporation of wet steam produced a marked effect in the 
ulwirm^tiou of heat from the walls. 

With rogard to the experiments of Mr. Bryan Donkin and 
(N>lohol Knglish on the condensation of steam by the surface- 
roudoiiMor inotliod, it would have been a source of great satis- 
I'lmlloii to the Authors if they had been able to deduce from 
llioiu H\w\{ a ooutinutttion of their law of condensation as that 
^Ivou by Mr. MauritH) Fitzgerald. The conclusions of these 
aliln and oaroful experimentalists had, however, been of a 
dilVoront kind, and their method of calculation did not permit any 
ooni'luMion to l>o fairly drawn in favour of the Authors' theory. 
In tlio opinion of Mr. Bryan Donkin and Colonel English, "the 
roMultH of thoir oxi>oriments showed that the film of water deposited 
by (Huulonsation and ivlherent to a metallic surface resists the 
iranHinissiou of heat in exactly the same way as an equivalent 
groator thioknoss of metal would do; so that the difference of 
tontporuture between the steam and the actual outer surface of the 
motal would depend \\\^u the mean thickness of the water-fiJm 
and upon the rate of flow of heat through it." They had calculated 
the dilVoronce of teniporuture between the steam and the surface 
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of the metal by assnmiDg a oonyenient ratio of the relative The Authon 
oondaotivities of water and metal. There was no evidence to 
jastify snoh a procedure in the case of a layer of drops of water in 
rapid motion, which could not be treated as if it were a uniform 
quiescent film of known conductivity. The differences of tempera- 
ture thus deduced could not, therefore, be used in support of a 
theory which was ditectly founded on the assumption of a clean 
metal surface directly exposed to the steam, but differing from it 
in temperature, on account of the essentially finite rate of conden- 
sation of the steam itself. The Authors, recognising this difiiculty, 
had taken pains to make a special series of experiments by the 
surface-condenser method,^ and had endeavoured to prove, by 
several different lines of reasoning, that such a layer of water- 
drops could not be treated as a quiescent film, that it did not 
oppose any material resistance to the passage of heat, and that it 
might even increase the amount of condensation in virtue of the 
greater surface exposed to the action of the steam. 

The remarkable superheating of the steam close to the walls 
during compression, as shown in Fig. /7, had been verified with iive 
different thermometers, each of which had been independently 
calibrated. The piston thermometer did not show this effect to 
the same extent for several reasons. It was in motion, in a wide 
thin tube, exposed to the air-jacket, and at a lower tern jie rat mo 
than the rest of the cover. The cover-thermonietor was confined 
in a narrow hole in the thickness of the cover itself, and tlie wire 
was at an average distance of loss than j^^ inch from the walls. It 
would appear probable, considering the low conductivity of gases, 
and comparing the indications of the two thermometers, that this 
highly superheated surface-layer was very thin, especially on ilio 
more exposed surfaces. The Authors could not agree with Mr. Fitz- 
gerald that "it was difficult to conceive how condensation could go 
on so long as it existed." The superheat was a very small propor- 
tion of the total heat, and it could easily be shown by experiment 
that superheated steam would condense on a metal surface very 
nearly as fast as saturated steam, provided that the surface were 
below the condensing temperature. The other suggestion, made 
by Mr. Fitzgerald, that the dotted area in Fig, 17, showing the super- 
heat during compression, ought to be taken for the " condensation 
area," instead of the saturation curve, which the Authors had 
invariably made use of, appeared to be somewhat inconsistent 
with his belief that superheated steam could not condense. The 
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»■ aiioptioii of tljis suggestion would also involve tbe asBtunption 
that Bteani, if suflioiently auperhoftted, would condense on a Burfaea 
above the saturation temperature, and that the rate of condensatioa 
of steam was, iu any case, increased in direct proportion to tLe 
def^eo of superheating. 

The Authors had not experimented on the leakage of etnffiug- 
lioxea, bnt failed to see that the tightness of hydraulic apparatus 
at low temperatures and for excessively slow motion could be 
urged as an objection to their views on steam-engine leaka^a* 
Tbe attempt to make steam glanda similarly tight, would eitket 
stop the engine, or make the piston rod red hot in a few minutsK 

The empirical formula so fully worked out and illustrated 1 
I'rofessor Jacobus, appeared to be capable of representing h 
own observations better than the Authors'. It would be mo 
interesting, however, if it had a clearer theoretical ftmndatiou 
It was not easy, for instance, to see why the condensatiwi 
should be projKjrtional to the range of temperature duriiij 
ex]iansion rather than to tlie whole range from admissi 
exhaust. The former supposition involved the apparent anoma^ 
that, if the steam were carried through the whole stroke, thep 
would be no condeuaation, A more serious point of difference Is 
iu the effect of variation of speed. According to the results s 
Professor Jacobus, the missing quantity increased nearly in ] 
portion to the square root of the speed. This might be eiplai 
on the Authors' hypothesis by supposing that the Tariatiou o 
sjieed involved a simultaneous variation in the quality of tb 
Bleani, which they believed to be a factor of great importance, t 
explained on p. 41. The diminution of the missing quantity wit 
early cut-off, though somewhat greater than that given by tfe 
Authors' formula for tbe equivalent clearance surface, was 
same direction and of similar magnitude. The formula of FrofesBC 
Jacobus appeared, however, to represent equally well (i.e., with: 
ranj^e of about 30 per cent, either way) the results of Willat 
with a totally different engine, in which the missing quantit 
was nearly independent of the speed, and increased enormouB^ 
instead of diminishing, with an early cut-off. Ko doubt, a part< 
this increase might reasonably be attributed to increase of leakag 
with higher pressure, but the conviction of Willans himself to 
effect that water was always present in the cylinder was praotic 
conclusive evidence, in the Authors' view, that the oondensatio 
in hia trials waa " limiting " and not " partial." In this c 
explained on p. 52, the condensation should be proportional to t! 
whole range of tho steam temperature, an assumption 
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evidently agreed more satisfactorily with the observations. This The Autl 
point had been stated with reference to the results given in the 
original Paper, but had been omitted in its abridgment. 

In the formula quoted by Professor Jacobus no allowance had 
apparently been made for the diflference in duration of exposure 
of different parts of the surface. The portions of the barrel 
surface exposed for a very short time were reckoned as of equal 
importance with the clearance surface. This could hardly be 
justified theoretically on any view as to the nature of condensa- 
tion. In the Authors' formula for the equivalent clearance 
surface allowance had been very accurately made for the varying 
time of exposure of different parts of the barrel surface, without 
adding to the complexity of the formula, by the simple addition 
of the term Idc (I = stroke, d = diameter, c = cut-off fraction), 
instead of writing irldc^ the whole area of the surface, as in the 
formula of Professor Jacobus. A corresponding formula had been 
given by Professor R. H. Smith in the "final calculation" to 
which he had referred,^ in which the portions of the barrel 
surface exposed up to the time of cut-off, allowing for the time of 
exposure, had been represented by the expression — 

2' 



(-"4) 



where A was the angle turned through by the crank. A Table 
was added giving the values of this function for different points 
pf cut-off. On working out this formula it would be found that 
the results were in practical agreement with the simple expression 
proposed by the Authors up to one-half cut-off. Beyond that 
point the values of Idc were smaller than the true equivalent of • 
the surface exposure. This was intended by the Authors to make 
approximate allowance for the higher temperature of the parts of 
the barrel exposed during the latter half of the stroke in a 
double-acting engine. The formula proposed by Professor Smith 
did not, as he seemed to imply, make any reference whatever to 
temperature difference between the steam and the metal, and could 
not, therefore, be considered as equivalent to the Authors' method 
of " condensation areas." 

No authorities were quoted by Professor Smith for the assumed 
" surface resistance " due to " difference of energy potential," 
which had led certain engineers to suppose that the rate of 
condensation was probably finite. On p. 290 of the article to 
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e Authors, on a revolving dram. The arrangement was such that the effects 
of inertia and friction were absolutely eliminated. It took about 
a quarter of an hour to describe a complete curve, during which 
time the engine had to be kept running steadily. The apparatus 
could be locked up and left by itself to write cycle-curves all day 
if desired, and did not require any interference or any special skill 
on the part of the observer. It had the advantage of producing a 
perfectly continuous curve on a larger scale than an ordinary 
indicator. A complete description of the apparatus, which was 
much simpler than might bo supposed, would be published as 
soon as the Authors could find leisure for the work. They 
intended to make a comparison of the curves so obtained under 
a variety of different conditions with those deduced from the 
indicator diagram. They might hope in this manner to obtain 
more definite explanation of the discrepancies they had already 
observed between the two instruments. The errors of the two 
indicators chiefly employed in the trials were found to be 3 per 
cent, too high and 3 per cent, too low respectively. If they had 
not been corrected their errors would have been of the order 
suggested by Professor Peabody; but as they were tested hot 
simultaneously on the same steam against the identical platinum 
thermometers with which their readings were compared, it is not 
likely that their residual errors can have been of such a magni- 
tude. The variation of stretch of the indicator cord, as ordinarily 
observed, would have the opposite effect to that suggested by 
Professor Smith. In any case, such variation, if it existed, was 
far too small in the present instance to account for the observed 
effects. It was, perhaps, also necessary to remark that accurate 
account had been taken of the obliquity of the connecting-rod in 
reducing the indicator diagrams to temperature cycle-curves. It 
appeared probable that there were real differences of temperature 
existing simultaneously in different parts of the cylinder, and that 
the temperature of the steam might fall considerably below the 
saturation point during rapid expansion. 



ADDENDUM. 



Pbess Abstbact. 

At the Ordinary Meeting on Tuesday, the 80th November, Mr. J. Clarke 
Hawkshaw, Member of Council, in the Chair, the Paper read was on "The 
Law of Condensation of Steam,** by Messrs. Hugh L. Callendar, MA., and 
John T. Nicolson, B.Sc. 

In the discussion of steam-engine trials it had generally been assumed that 
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the rate of condensation of steam on a surface was practically infinite, so that 
any surface in direct contact with the steam was immediately heated to the 
saturation temperature corresponding with the pressure of the steam. It had 
also heen supposed that the amount of condensation under any given conditions 
was limited, either hy the resistance of the film of condensed water to the 
passage of heat, or hy the capacity of the metal or of the circulating water to 
carry off the heat. In many cases condensation was diminished hy films of oil 
or grease, or hy accumulations of air, or hy other incrustations or deposits, hut 
these were not considered in the Paper. 

The Authors found, on the contrary, as the result of their experiments on a 
steam-engine running under normal conditions, that a practically clean and dry 
metal surface was not immediately heated to the temperature of the saturated 
steam in contact with it, that the rate of condensation of steam was not infinite, 
but finite and measurable, and that the amount of condensation in any given 
case was limited chiefly by this finite rate of condensation, and could be calcu- 
lated in terms of it. 

The cyclical variations of temperature in the metallic walls of the cylinder, 
with each stroke of the engine, were measured by means of thermo-couples 
inserted at various distances from the inner surface. It was possible thus to 
deduce the amount of heat absorbed and given out by the metal, and to infer 
the quantity of steam condensed and re-evaporated at different points of the 
stroke. The temperature-cycles of the steam were simultaneously measured 
by a very sensitive platinum thermometer. The observations showed that the 
temperature of the steam in different parts of the cylinder differed in a 
systematic way from the saturation temperature as deduced from indicator 
diagrams. 

In order to deduce the condensation from the observed temperature-cycles, it 
was necessary to determine the conductivity and specific heat of cast iron. A 
series of experiments were made upon a 4-inch bar of cast iron, and the result 
found for the conductivity was nearly 30 per cent, smaller than that generally 
assumed. 

At the lowest speed of the experiments, namely, 45 revolutions per minute, 
the temperature of the surface of the metal at the end of the admission period 
was found to be never raised higher than within 20° F. of the temperature of 
the steam, and the rate of condensation at any moment was simply proportional 
to the difference between the temperature of the steam and tlie surface. The 
numerical value found for the rate of condensation was 0*74 B.T.U. per second 
per square foot of surface per degree F. of difference between the temperature of 
the steam and the surface. This was equivalent to the condensation of 27 lbs. 
of steam per square foot per hour at 300° F., for a difference of temperature of 
10° F. Assuming this law, the total amoimt of condensation at any point of 
the stroke could be inferred by measuring the ** condensation areas" on the 
temperature-cycle diagram, t.6., the areas included between the curves repre- 
senting the temperature of the steam and of the metal surface. 

To compare the results thus found with the missing steam deduced irom the 
indicator diagrams and the feed measurements, the leakage of the valve and 
piston was determined as nearly as possible under the conditions of running. It 
was found to be proportional to the difference of pressure and nearly independent 
of the speed through a considerable range. The usual test for leakage with the 
valve stationary was found to be of little or no value. From a comparison of 
leakage tests, it was inferred that a valve in motion, however well fitted, weis 
subject to leakage of a definite type. The leakage took place chiefly in the 
form of water, by condensation and re-evaporation on the moving surinces, and 
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